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Abstract
This thesis describes the bioaccumulation of copper oxide nanoparticles of
different size in the freshwater gastropod Potamopyrgus antipodarum. PVP-
coated, CuO NPs were synthesized and characterized by UV-vis, ultra- cen-
trifugation, Transmission Electron Microscopy (TEM) and zeta potential
measurements. A particle size distribution of 8-35nm with an average of
19.6±5.3nm was obtained by TEM-image analysis. UV-vis spectrocopy showed
no presence of metallic Cu NPs in the synthesis mixture, and zeta potential
measurements resulted in an average potential of -18.0±7.6mV. Purchased
CuO NPs with a catalouge size of ∼100nm were used, and characteriza-
tion showed a size distribution of 13-190nm, with an average diameter of
37±18.8nm. Measured zeta potential gave an average value of +34.1±4.9mV.
A dietborne exposure experiment was performed with P.antipodarum, with
2-4h of exposure followed by up to 14days of elimination. The Biodynamic
Model was used to interpret the results and to calculate uptake and elim-
ination rates for the organisms. The study showed that bioaccumulation
in P.antipodarum was not significantly affected by either Cu-concentration
within sediment or Cu-form (Cu2+, CuO NP (20nm & 100nm)) added to
the sediment prior to exposure. However, a trend towards an increased Cu-
retention was seen for organisms exposed to sediment spiked with Cu2+ as
opposed to organisms exposed to NPs. Furthermore, a tendency towards a
higher ingestion and defecation of CuO NP (20nm) could be seen without
a increase in BB. No significant uptake or elimination rates were detected,
indicating that P.antipodarum was not highly affected by the experimental
conditions. The Biodynamic Model was shown to be a good tool to express
the relevant results presented for an bioaccumulation experiment, thereby
grasping the overall results in a more comprehensible way.
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Resume´
Dette speciale omhandler bioakkumulering af forskellige størrelser af kob-
beroxid nanopartikler (NP) i dyndsneglen Potamopyrgus antipodarum. PVP-
coatede, CuO nanopartikler blev syntetiseret og karakteriseret vha. UV-vis
spektroskopi, ultracentrifugering, Transmission Elektron Mikroskopi (TEM)
og partiklernes zetapotentiale blev bestemt. De syntetiserede partikler havde
en størrelsesfordeling p˚a 8-35nm, med en gennemsnitlig diameter p˚a 19.6±5.3nm.
UV-vis spektroskopi bekræftede, at der ikke var metalliske Cu NP tilstede
i syntese-blandingen og zetapotentiale ma˚linger viste at partiklerne havde
et zetapotentiale p˚a -18.0±7.6mV. Indkøbte CuO NP med en angivet di-
ameter p˚a ∼100nm blev brugt, og karakteriseing af disse partikler viste en
størrelsesfordeling p˚a 13-190nm, med en gennemsnitlig diameter p˚a 37±18.8nm
og et zetapotentiale p˚a +34.1±4.9mV. Et bioaakumuleringsforsøg med Cu-
optag fra føde blev udført med P.antipodarum som forsøgsorganisme. Or-
ganismerne blev eksponeret i 2-4 timer, efterfulgt af en elimineringsperiode
p˚a op til 14 dage. Den Biodynamiske Model blev anvendt til at fortolke
de opn˚aede resultater, samt til at beregne en optagelses- og elimineringsrate
for P.antipodarum. Forsøget viste at hverken Cu koncentration i sedimentet
eller Cu-form (Cu2+, CuO NP (20nm & 100nm)) tilført sedimentet havde en
signifikant indflydelse p˚a bioakumuleringen af Cu i organismerne. Der blev
observeret en trend mod at P.antipodarum tilbageholdt mere Cu, n˚ar dette
havde været tilgængeligt som Cu2+ tilført sedimentet. Derudover blev det
vist, at CuO NP (20nm) blev indtaget og depureret i større grad end de an-
dre Cu-former, uden en stigning i BB. Der blev ikke detekteret en signifikant
optagelses- eller elimineringsrate, hvilket kunne betyde at P.antipodarum
ikke blev p˚avirket betydeligt under de gældende forsøgsvilk˚ar. Derudover
blev det vist, at Den Biodynamiske Model er et godt redskab til at forst˚a og
presentere bioakkumuleringsresultater p˚a en overskuelig og kompakt m˚ade.
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1Introduction
Copper (Cu) is widely used in the industry, especially due to its high electri-
cal conductivity and biocide properties (Arai et al., 2009). As a nanomaterial
Cu is used in bioactive coatings and applied to inks and skin products due
to its antibacterial qualities (Gomes et al., 2011). Cu is a micro nutrient and
occurs naturally in many different proteins within animal and plant cells.
Even so, an above threshold-level of Cu within cells can cause severe damage
to the organism (Handy, 2003). Copper Oxide (CuO) is found in supercon-
ducting and thermoelectric materials, as well as in wood preservatives, paints
and antimicrobial agents (Gunawan et al., 2011; Cronholm et al., 2013). In
recent years the use of metal-oxide nanoparticles (NPs) has increased, and
CuO NPs is in fact the most widely used antimicrobial agent together with
silver- and zink oxide NPs (Gunawan et al., 2011).
The large surface area to volume ratio in NPs, gives them unique properties
compared to the bulk material (Holsapple et al., 2005; Nel et al., 2006). This
has resulted in an increased interest in NPs and they are already used in
a large range of products world wide. Thus, it is inevitable that NPs will
end up in the environment, either intentionally e.g. via biocide use, by ac-
cident or via effluents from industrial plants (MacCormack and Goss, 2008;
Gottschalk et al., 2009).When introduced into the aquatic environment, it is
believed that most NPs will end up in the sediment due to aggregation and
sedimentation (Klaine et al., 2008). There are many factors within aquatic
environments that influences the fate of NPs, with aggregation, sedimen-
tation, pH, salinity and Organic matter Content(OC) as some of the most
important ones (MacCormack and Goss, 2008). In this study, CuO NPs are
present as part of the sediment matrix and therefore factors such as oxy-
gen content, pore water and concentration of Acid Volatile Sulfides (AVS)
should be considered (Chapman et al., 1998). All these factors contribute
to the increased complexity of describing and evaluating how NPs affect the
environment, and they are described further in section 2.1.1. When NPs end
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up in the sediment, it may affect the biota and alter the chemical and biolog-
ical composition of the sediment. Due to aggregation and sedimentation, the
concentration of NPs in the sediment will most likely exceed that of the wa-
ter column, increasing the effect on the sediment community (Burton, 2010;
Pang et al., 2013). Deposit-feeders can ingest up to several times their own
body weight in sediment per day (Lopez and Levinton, 1987), resulting in
a huge NP turnover rate for these organisms. Today, most ecotoxicological
tests are done as water-only exposures, primarily because they are easy and
cheap to carry out. It is also the general belief, that water is the most im-
portant compartment for NP uptake. As more and more investigations show
that this might not be the case, the sediment compartment is considered a
more important and interesting area to study (Burton, 2010).
The overall purpose of this thesis was to investigate how bioaccumulation of
CuO NPs from the food/sediment compartment is affected by nanoparticle
size. In order to describe this bioaccumulation, a range of experiments were
carried out - some with a chemical perspective and others with a more ecotox-
icological purpose. For clarification these studies, and the thesis in general,
is divided into two main parts: one that focuses on the chemical perspective
of NPs and one that focuses on their environmental and biological impacts.
The chemical part includes synthesis of CuO NPs, characterization and de-
scription of their chemical properties. The environmental and biological part
focusses on the bioaccumulation of the in-house synthesized CuO NPs com-
pared to purchased, polydispersed ∼100nm CuO NPs (Intrinsiq Materials)
and Cu2+ in the freshwater gastropod Potamopyrgus antipodarum. Further-
more, the Biodynamic Model is introduced, in order to estimate the long
term effects of Cu exposure.
Problem formulation
Is uptake, accumulation and elimination of CuO nanoparticles in the mud-
snail Potamopyrgus antipodarum affected by nanoparticle size?
Hypothesis: small CuO NPs (∼20nm) will lead to a higher degree of bioac-
cumulation compared to larger CuO NPs (∼100nm).
Deposit-feeding animals such as P.antipodarum have a selective feeding strat-
egy, causing them to take up smaller particles and egest larger ones (Taghon,
1982). Therefore, a difference in bioaccumulation in relation to NP-size is
expected.
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In order to answer the problem formulation, this project was divided into
four parts:
 Synthesis of PVP-coated, CuO NPs (∼20nm)
 Characterization of ∼20nm and ∼100nm CuO NPs
 A bioaccumulation study, with P.antipodarum as model organism
 Use of the Biodynamic Model to describe the results obtained in the
bioaccumulation study
All studies are explained further during the thesis (see section 4 and 10), and
all results are covered in section 6.
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2Background
In this part, the most important background knowledge needed to understand
the scope of the thesis is covered.
2.1 Nanoparticles
- definition, origin and applications
A nanomaterial is defined as a unit with at least one dimension in the size
range of 1-100nm; for nanoparticles (NPs) the general belief is that all three
dimension must be within this scale (Luoma, 2008; Miao et al., 2009; De-
pledge et al., 2010), however this is not entirely agreed on. Due to their
small size, NPs have a large surface area to volume ratio, which is believed
to give the particles a range of properties not present in the bulk material (De-
pledge et al., 2010). Among these features, higher chemical reactivity, surface
charge, altered mobility and modified optical properties are the most impor-
tant (Klaine et al., 2008). From a biological point of view, their small size
could lead to transport across cell membranes, and thereby cause production
of reactive oxygen species (ROS) and DNA damage (Karlsson et al., 2008;
MacCormack and Goss, 2008; Cronholm et al., 2013). ”The Trojan Horse
mechanism” describes how a particles coating of ions or other molecules can
lead to transport of the NP into the cell, subsequently realising ions and/or
atoms within. Thereby a possible toxic concentration of the given ions can
be reached within the cell (Limbach et al., 2007; Studer et al., 2010). CuO
NPs are believed to behave in this manner (see figure 2.1), and were found to
be highly cytotoxic (Karlsson et al., 2008) to human lung cells, most likely
as a consequence of their ”Trojan Horse”-behaviour.
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Figure 2.1: Trojan Horse mechanism for CuO NPs. Particles are taken up, digested and
dissolved within cells, thereby releasing ions into the cell medium (Studer et al., 2010)
NPs can aggregate or agglomerate when introduced into a complex media
such as freshwater or sediment (Krysanov et al., 2010), and these processes
are likely to change the properties of NPs. An aggregate is defined as a tightly
bound number of particles, behaving as one unit. An agglomerate is defined
as a mass of particles bound together by weak physical forces. Agglomeration
is a reversible process, whereas aggregation is not (IUPAC, 2012). Nanopar-
ticles have both natural and anthropogenic origin, and are found in air, soil
and aquatic environments. Natural NPs include colloids of organic matter
and different oxides in the aquatic environment; clays and minerals in soil
and a range of dust and water borne particles within the atmosphere (Klaine
et al., 2008). The anthropogenic or engineered NPs of concern are mostly
combustion related and waste products released from production sites into
aquatic environments (MacCormack and Goss, 2008). Even though various
NPs are naturally found in the environment, the extended use of Engineered
Nano-Materials (ENM) will evidently lead to an increased concentration of
such materials. Thus, a concern about how these materials affect the envi-
ronment has increased during the past several years.
As mentioned, factors such as pH, Organic matter Content (OC) and salinity
play a huge role for the fate of NPs once introduced into the aquatic envi-
ronment. Decreased pH means an elevated level of H+, resulting in a higher
interaction between NPs and ions in the media, leading to NP dissolution
(Elzey and Grassian, 2009). A high level of OC will lead to adsorption of the
NPs onto the organic matter, resulting in larger particle sizes and most likely
sedimentation from the water column into the sediment (MacCormack and
Goss, 2008). Salinity or presence of ions within the aquatic environment,
will interfere with NPs in different ways. It has been shown by Gunawan
et al. (2011) that NaCl does not have an effect on CuO NP dissolution,
and that only minor leaching of Cu-ions should be expected in freshwater.
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Since this thesis considers NPs in the sediment, a brief introduction to the
complications related with this is presented in the next section.
2.1.1 Interaction with sediment
In this study, all exposure setups are carried out via spiked natural sediment.
Therefore CuO NPs will be present as a part of the complex sediment ma-
trix, which will have some impacts and consequences for the behaviour of the
particles. It is not possible to fully characterize the particles once they have
entered the sediment, hence the fate of the particles are largely unknown.
Within the sediment, factors such as particulate organic carbon (POC), oxy-
gen level and concentration of Acid Volatile Sulfides (AVS) play a huge role
for the bioavailability of metals (Chapman et al., 1998; Lee et al., 2000; Lu-
oma and Rainbow, 2008). The affinity for organic ligands is extremely strong
for transition metals such as Cu, with the result that a high concentration of
Cu2+ is found within sediments with a high concentration of organic carbon
(Luoma and Rainbow, 2008). The oxygen concentration falls steeply down
through the sediment column, and anoxic conditions are already present a
few cm down. However, these conditions are altered by the presence of bio-
turbating organisms, mixing oxygen into the sediment and thereby moving
the anoxic boundary further downward. Under anoxic conditions AVS will
bind to metals such as Cu, and the concentration of AVS within the sed-
iment will determine how much of a present metal that is bioavailable for
organisms (Luoma and Rainbow, 2008). In the present study only, a thin
sediment-layer was used, ensuring a complete oxygenated sediment, and thus
eliminating the complexities of AVS. Furthermore, all sediment was treated
with H2O2, which removes the majority of organic matter naturally present
in the sediment. Hereafter, a known amount and source of OC was added
(the diatomic algae Nitszchia palea), and thereby it was possible to control
the quantity and quality of the sediments OC. Sediment is a much more
complex system than e.g. water, due to many factors including presence of
different grain sizes, OC quality and quantity, pore water and the interac-
tion with overlaying water. The behaviour of the added CuO NPs is hard to
determine and in regard to biaccumulation, the different Cu sources should
be considered as part of the sediment matrix and not as NPs or ions alone.
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2.2 Biological perspective
2.2.1 The Biodynamic Model
Biodynamic modeling may be used to describe and predict bioaccumulation
of different toxicants in various organisms. Briefly, uptake and elimination
of toxicants are assessed separately over a short period of time using an
experimental approach (Khan et al., 2012). The results are used to calculate
a steady state concentration within the organisms and hence describe the
long term bioaccumulation of toxicants, without carrying out the actual long
term exposure. This is very useful in ecotoxicology, due to the possibility to
describe and determine the effects of the big range of toxicants released into
the environment every day, by a short term exposure setup. In the present
study, bioaccumulation of CuO NPs was estimated following the biodynamic
model approach described in Croteau et al. (2011):
[M ]totalorg = Kuw · [M ]w +Kuf · [M ]f −Ke · [M ]eliminationorg −Kg · [M ]growthorg (2.1)
where [M ]X is metal concentration in various compartments: org = within
the organism [nmol Cu/g dw org], w = in water [nmol Cu/L] and f = in
food [nmol Cu/g dw food]); Kuw is the unidirectional metal uptake rate
constant from solution [L/g/d] and Kuf is from food [g/g/d]; Ke is metal
efflux as a function of the rate constant for physiological loss [d−1] and Kg
is metal efflux as a function of the rate constant for growth dilution [d−1]
(Croteau et al., 2011). If growth is negligible during the experiment, e.g.
due to a short exposure period, Kg can be considered to be very close to
zero and therefore be ignored (Croteau et al., 2011). Thus, the only part
describing the elimination or loss of metal from the organism is Ke, which
can be estimated by a non-linear regression model:
[M ]torg = [M ]
0
org · e(−kt) (2.2)
where [M ]torg is the metal concentration within the organism at a given time
t [µg Cu/g dw org]; [M ]0org is the metal concentration within the organism
at time 0 (beginning of depuration) [µg Cu/g dw org]; t is depuration time
[d] and k is the estimated rate constant of metal loss, related to Ke [d
−1]
(Croteau et al., 2011).
Furthermore, the metal concentration within the organism at steady state
can be described as:
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[M ]ss =
Kuf · [M ]f
Ke ·Kg +
Kuw · [M ]w
Ke ·Kg (2.3)
Kuf is an integration of food ingestion rate(IR) and metal assimilation effi-
ciency(AE) and can be estimated as:
Kuf = IR · AE (2.4)
where IR is a measure of food ingested by the organism over time and AE a
measure of how much of the available metal that is assimilated in the organ-
ism. Thus, IR describes the actual amount ingested during the experimental
period and AE the amount of metal “turned into” organism after exposure.
IR can be estimated as:
IR =
(Morg +Mfeces)
[M ]f · wtorg · t (2.5)
where Morg is the amount of metal within the organism after depuration
[ng]; Mfeces the amount of metal in the produced feces during depuration
[ng]; [M ]f is the amount of metal in food at time 0 [ng/g]; wtorg is dry
weight of the organism after depuration [ng] and t is exposure time [d]. IR is
expressed as g of ingested food/g body tissue/day. IR can also be estimated
by multiplying the amount of fecal pellets produced (g dw) with the Cu
concentration within the sediment (µg Cu/g dw). By this method, a value
for the amount of Cu that has passed through the gut of the organism is
obtained. AE can be estimated as:
AE =
Morg
Morg +Mfeces
∗ 100% (2.6)
AE is expressed in % and describe how big a percentage of the metal that
is assimilated by the organism after uptake and depuration (Croteau et al.,
2011).
All these parameters are used in the biodynamic model and are ways to de-
tect and predict the bioaccumulation of e.g. metal nanoparticles within an
organism. In this study, focus was placed on nanoparticle uptake from the
food compartment, because it is believed that this uptake route is of great-
est importance for sediment dwelling organisms (Lopez and Levinton, 1987),
such as P.antipodarum. Also, as uptake is dependent on organic matter qual-
ity and quantity, the organic food source was controlled to be the diatomic
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algae N.palea in amounts of ∼2%. Furthermore, growth was considered neg-
ligible due to the short time duration of the exposure (2-4h). Therefore, the
biodynamic model used in this project is as follows:
[M ]totalorg = Kuf · [M ]f −Ke · [M ]eliminationorg (2.7)
In order to determine all the parameters, a range of experiments were per-
formed; one determining metal uptake and short term depuration in order
to estimate IR and AE and thereby Kuf , and one determining uptake and
long term elimination (up to 14 days) in order to describe metal loss by the
non-linear regression model and thereby estimate Ke. Furthermore, mea-
surements of the actual metal concentration in food (sediment) and organism
tissue before, after and during exposure and elimination were carried out in
order to estimate [M ]X .
2.2.2 Model organisms
Potamopyrgus antipodarum
The New Zealand mudsnail P. antipodarum is classified as Gastropoda under
the phylum Mollusca and belongs to the family Hydrobiidea (Duft et al.,
2007). It is primarily found in fresh- and brackish waters within a salin-
ity range of 0-26ppt (Levri et al., 2007; Alonso and Castro-Dı´ez, 2008), and
prefers to grow on a silt or sandy substrate (Duft et al., 2007). Its feeding
strategy is described as nocturnal grazer-scraper, which means that it lives of
algae (mostly diatoms), bacteria and other available organic material within
and on the sediment surface (Duft et al., 2007). P. antipodarum is also de-
scribed as a deposit feeder, due to its ability to process large quantities of
sediment. In fact, P.antipodarum has been shown to ingest up to 6 times its
own weight in sediment per day (Lopez and Levinton, 1987).
Figure 2.2: Picture of P.antipodarum from the initial study
P.antipodarum is an invasive species in European waters and found primarily
as the female clone in the northern hemisphere (Jacobsen and Forbes, 1997).
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Reproduction is parthenogenetically (Jensen et al., 2001) and ovoviviparous
and one organism can produce up to 230 offspring per year (Alonso and
Castro-Dı´ez, 2008). The shell of P.antipodarum is elongated and coiled, with
6 to 8 whirls. The color of the shell varies from grayish, light brown to dark
brown depending on the habitat, and average shell length is around 5 mm
for an adult organism (Duft et al., 2007), see figure 2.2.
Culturing
P.antipodarum were collected at Buresø, Denmark during spring 2013. The
organisms were kept in a plastic tank, containing natural sediment collected
at Munkholmbroen, Denmark (sieved to <250µm; frozen (-80◦C) before use)
and aerated, artificial freshwater 5. Temperature was held at 17±1◦C with
a light:dark period of 12:12. Organisms were fed once a week (see Appendix
10.2 for further details).
P.antipodarum was chosen as model organism, partly because it has been
proposed as a standard organism for conducting partial- and full-life-cycle
tests regarding effects of endocrine disruptors, with the possibility of testing
other substances, such as heavy metals via the same setup (OECD, 2010).
And partly because it represents an important part of the molluscs, especially
the deposit feeding branch. Furthermore, the organism is easy to cultivate
and can be collected in Danish lakes and streams.
Nitzschia palea (Ku¨tzing) W. Smith
N.palea is an abundant benthic diatomic alga that thrives under various en-
vironmental conditions and is found in freshwater habitats throughout the
world (Finlay et al., 2002). The alga has a linear to lanceolate shape and a
light-brown-greyish color.
Culturing
N.palea was purchased from Ghent University, Dept. Biology, BCCM/DCG
culture collection in Belgium and grown in WCg media with oxygen supply,
at 17◦C and a light:dark cycle of 12:12 at Roskilde University (see Appendix
10.3 for further details).
N.palea is a natural food source for many secondary producers, including
P.antipdarum, and was therefore used as the organic food source and added to
the carbon-cleaned sediment in order to control OC and food source quality
for P.antipodarum. N.palea was added to H2O2 cleaned sediment prior to
spiking and exposure of P.antipodarum.
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2.3 Chemical perspective
2.3.1 Copper
If not stated otherwise, the following subsection is based on Inorganic Chem-
istry, 3rd ed. (Housecroft and Sharpe, 2008)
Copper (Cu) is a transition metal with atomic number 29, found in group
11 in the periodic table together with gold (Au) and silver (Ag). These ele-
ments all have one s-electron orbital and a filled d-electron shell, giving them
certain properties such as high electrical conductivity. The filled d-electron
shell also contributes to the relatively weak metallic bonds that these metals
can create, making them so-called soft metals. Cu exist in several isotopes,
the two stable being 63Cu and 65Cu. 63Cu is the most abundant Cu-isotope,
comprising approximately 69% of all naturally occurring copper on Earth
(Coplen et al., 2002). Cu is an essential trace element in animals and plants
and is part of several important proteins. In some mollusks and arthropods
the Cu-containing protein hemocyanin is responsible for oxygen transport,
compatible to our hemoglobin. Cu is also found in proteins responsible for bi-
ological electron transport, in many superoxide dismutases and in cytochrome
c oxidase, which is required for aerobic respiration. Hence, Cu is needed in
order for many organisms to function, and therefore many have systems to
regulate the concentration of Cu within their cells (da Silva and Williams,
2001). There is, however, still a risk combined with an above treshold-level
of Cu within the organism. Cu toxicity can occur when the concentration of
copper inside cells exceeds the controllable concentration, a situation known
as Copperiedus. This leads to creation of ROS that can cause severe damage
to proteins, lipids and DNA (Maria and Bebianno, 2011). This makes Cu an
interesting metal from an ecotoxicological point of view.
The most common oxidation states for Cu is +1 and +2, formerly abbre-
viated as cuprous and cupric, respectively. The common oxides Cu2O and
CuO, or Cu(I)oxide and Cu(II)oxide, can be obtained by excessive heating
of Cu and are the oxides of interest in this project. Cu2O is found as the
reddish mineral cuprite and is mainly used as a pigment and as a biocidal
agent in antifouling paint (Arai et al., 2009). CuO is known as the black
mineral tenorite and is commonly used as a fungicide, a pigment and is also
found in antifouling paint. The different structures of Cu(I)- and Cu(II)oxide
can be seen in figure 2.3.
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(a) Cu2O (b) CuO
Figure 2.3: Crystal structures of Cu2O and CuO (http://www.webelements.com; down-
loaded on February 4th, 2014)
Cu2O has a cubic crystal structure, whereas CuO obtains a monoclinic crystal
system. The Cu atoms in CuO are coordinated with 4 O atoms in a square-
planar configuration, with each O atom oriented in a distorted tetrahedral
manner. Hence, units of CuO4 are linked by chains of bridging O atoms. In
Cu2O, each Cu atom is surrounded by 2 O atoms in a linear fashion, with
the O atoms being coordinated in tetrahedral sites. The NPs used in this
study were synthesized as metallic Cu NPs in presence of ambient air, thus
oxidizing Cu into Cu2O or CuO. Both forms are likely to be present, so the
abbreviation CuO is used to describe the synthesized NPs. Depending on the
size of Cu NPs the atomic packing can form different structures. With only
a few atoms, clusters are made instead of the well known crystal lattices.
These clusters can take different shapes and will be described further in the
next section.
2.3.2 Magic numbers for copper clusters
A cluster is described as an aggregate of up to millions of atoms or molecules
and can consist of different or identical elements (Darby et al., 2002). The
electronic structure of alkali metal clusters can be described by the spherical
jellium model; a simple model of delocalized electrons in a metal. The model
depicts how the valence s-electron in alkali metal clusters can be bound in a
way that leads to shell closures, hence creating high stability and low reactiv-
ity clusters. Due to the fact that alkali metals and noble metals such as Cu,
Ag and Au have a comparable electronic configuration, it is supposed that
these metals can be described by the same model (Lammers and Borstel,
1994). High stability clusters are observed for Cu when the number of atoms
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is N = 2, 8, 18, 20, 34, 40, 58, and 92 (Winter et al., 1991). These are known
as “The Magic Numbers for Clusters”.
Figure 2.4: Drawing of the icosahedral structure modelled for a copper cluster with N=20
atoms. (Lammers and Borstel, 1994))
The geometrical description of Cu clusters is believed to be very different
from the bulk material and is examined in a number of papers (Winter et al.,
1991; Lammers and Borstel, 1994; Darby et al., 2002; Kabir et al., 2004). The
agreement among these authors is that, Cu clusters with N<5 atoms prefer
a planer structure, but when the size range is increased up to N=55 atoms
they arrange themselves in a more icosahedral structure (see figure 2.4). One
exception is clusters with N=40-44 atoms, that obtain a more decahedron-
like geometry (Darby et al., 2002). In the paper of Lammers and Borstel
(1994) geometric structures for clusters with up to 515 atoms are computed,
and they conclude that clusters this big can be considered as bulk material,
whereas clusters with a size of N=213 atoms still deviate from the crystal
structure. One explanation for the smaller clusters to arrange themselves
in a different structure than the bulk material, is the fact that the surface
energy of the icosahedral structure is lower than for the cuboctahedral struc-
ture obtained by the bulk material (Kabir et al., 2004). The difference in
surface energy is due to the diverse atom coordination on the surface of the
two structures – icosahedral exhibits five-coordinate, whereas cuboctahedron
exhibits four-coordinate atoms on their surface (Darby et al., 2002).
The CuO NPs used in this project were in the size range of ∼20nm and
∼100nm, which corresponds to approximately N=213 ∗ 103 and N=266 ∗ 105
Cu atoms, respectively. It is therefore reasonable to presume that these par-
ticles will have bulk material structure before they are added to the sediment.
The calculated number of Cu atoms per particle with the size of 1nm and
2nm corresponds to N=27 and N=213, respectively (see Appendix 10.4). The
above mentioned principle is therefore only applicable to describe very small
particles.
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2.3.3 Synthesis strategy
As mentioned, NPs have a wide range of applicabilities and therefore many
different synthesis approaches have been used to obtain NPs with the desired
qualities. For synthesis of metallic Cu NPs, there has been special focus on
reducing agents, stabilizers and solvents, and a lot of different substances
have been used (e.g. as by Song et al. (2004); Zhu et al. (2004); Dang et al.
(2011a)). The most preferred synthesis strategy when synthesizing Cu NPs is
chemical reduction, because this method is simple and relatively cheap (Dang
et al., 2011a). Ascorbic acid is often used as the reducing and stabilizing
agent, but addition of polymers such as PolyVinylPyrrolidone (PVP) and
PolyEthylenGlocol (PEG) is also added to control particle size (Zhu et al.,
2004; Yu et al., 2009; Dang et al., 2011a,b).
Based on the mentioned studies, I prepared my synthesis strategy for the
preparation of CuO NPs. A chemical reduction method was chosen, together
with addition of a polymeric stabilizer. The synthesis was primarily based
on work by Xiong et al. (2011) with modifications by Windfeld (2013), where
ascorbic acid was used as reducing agent and PVP as stabilizer. CuCl2(s) was
chosen as Cu-source and the entire synthesis was carried out in ambient air
with H2O as solvent. The synthesis is described in further detail in section
4.1.
Polyvinylpyrrolidone - PVP
PVP is a water soluble polymer with great wetting properties, making it a
useful coating agent. The PVP polymer is a long chain of (C6H9NO) units
with a molar mass of 111g/mol per unit. In this project, PVP 10,000 was
used and the structure of one PVP unit can be seen in figure 2.5. When PVP
was added to the synthesis mixture, PVP adsorbed to the particle surface,
most likely via the active bindings sites created by the lone pairs on nitro-
gen (N) and/or oxygen (O)(Wu et al., 2006). Thereby a polymer layer was
created on the particle surface, making it stay in solution and preventing ag-
gregation. Hence, PVP was used to sterically stabilize the CuO NPs, which
is described further in section 3.3.
Figure 2.5: Molecular structure of one PVP unit (C6H9NO)
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3Characterization of particles
In this part, a short introduction to the different characterization methods
are presented.
3.1 Ultra-centrifugation
Ultra-centrifugation was used order to get particles larger than NPs to set-
tle out of the synthesis mixture. When a particle containing suspension is
centrifuged at e.g. 20,000g, particles larger than a certain size will settle
out, whereas particles within nanoscale will remain in the supernatant. It is
possible to estimate a size limit for the particles that stay in suspension by
rewriting Stoke’s Law for sedimentation:
V =
2Gr2 · (ρp − ρm)
9η
⇔ r2 = V · 9η
2G · (ρp − ρm) (3.1)
where V is the settling velocity of particles (m/s); G the gravitational force
applied by the centrifuge (m/s2); ρp the particle density (kg/m
3); ρm the fluid
density (kg/m3); r the particle radius (m) and η the coefficient of viscosity
(Pa · s). I chose to ultra-centrifuge my synthesis-mixture at 20,000g, 4◦C for
30min, in order to get particles with a diameter of ≥19.6nm to precipitate,
thus keeping particles with smaller diameters in suspension.
3.2 UV-vis spectroscopy
UV-vis spectroscopy measures the absorption in the UV-visible range, iden-
tifying the allowed electronic transitions in this range for a given sample.
Hereby, the absorption spectrum can be used to quantify a known sample
or characterize an unknown sample based on ”fingerprinting”. Metallic Cu
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NP show a distinct absorption of light in the UV-visible range, identified by
an absorption peak around 570nm that is not present in the bulk material
or CuO NPs (Dang et al., 2011b). In this fashion, an absorption band at
570nm can be used to ”fingerprint” the presence of metallic Cu NPs. The
position and width of the peak is affected by the size of the particles, and will
broaden and move towards lower wavelengths with decreasing particle size
(Xiong et al., 2011). ”Fingerprint” spectra for metallic Cu NPs and Cu2O
NPs are presented in figure 3.1.
(a) Metallic Cu NP with 1.5w% PVP (b) Cu2O
Figure 3.1: UV-vis spectrum for metallic Cu NP coated with 1.5 weight percent PVP.
The peak around 570nm is the ”fingerprint” for metallic Cu NP (altered from Huang
et al. (1997)) and UV-vis spectrum for Cu2O nanospheres and nanoparticles showing the
non-existing peak at 570nm for NPs (from Zhang et al. (2006))
3.3 Zeta potential measurements
Zeta potential or electrokinetic potential is a way to describe the stability of a
colloidal suspension, e.g. an aqueous solution of nanoparticles. The principle
behind the method is, that when a number of particles are in suspension
their ability to aggregate and settle out is determined by their repulsion
from each other or in other words; by their zeta potential. Zeta potential is
an indication of how much similar particles repel each other when in solution
or suspension. It can also be described as the energy needed to separate a
particle from the surrounding solution. A high zeta potential value, positive
or negative, is a sign of high stability, meaning that the particles will stay in
suspension with no aggregation and vice versa. A particles zeta potential is
a result of one of two mechanisms - electrostatic or sterically stabilization.
Electrostatic stabilization is obtained by having the same electrical charge
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on the surface of the particles, coursing them to repel each other and thereby
stay in suspension. Sterically stabilization is obtained by adding polymers
to the surface of the particles, thereby creating a layer just thick enough to
prevent the particles to interact and thereby keeping them in suspension (see
figure 3.2).
Figure 3.2: Electrostatic and sterically stabilization of particles (Sciences, 2009)
The in-house synthesized particles used in this project have a polymeric
coating and are thereby sterically stabilized. Thus, their electrical charge
will be minimal, and therefore a low zeta potential value for these particles
are expected.
3.4 Transmission Electron Microscopy - TEM
The technique is used to create a 2D-image of a very thin, 3D-structure
and TEM can detect structures down to atomic size. By directing a very
intense electron beam at a thin, dried sample (nanoparticles, viruses, cells
etc.) the electrons are transmitted or absorbed by the sample and thereby the
transmission can be used to create an image of the sample. This image can
then be magnified on a fluorescent screen or detected by a CCD (Charged-
Coupled Device) camera. Using electrons instead of visible light, atomic
resolution can be achieved. Hence, this technique is often used to describe
and characterize nanoparticles (Wang, 2000).
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3.5 Energy Dispersive X-ray spectroscopy -
EDX
TEM can be coupled with different detectors, and one of the most used is
Energy Dispersive X-ray spectroscopy (EDX). When a sample is hit by the
TEM electron beam it generates X-rays and these X-rays can be detected by
the EDX-detector. Each element will create X-rays with a distinct energy,
so by measuring the different energies emitted from the sample, an elemental
analysis of the sample can be created. The resolution in EDX is lower than
for TEM, thus atomic size structures can not be identified by this detector.
However, since EDX can detect the elemental content of a sample, the com-
bination of TEM and EDX is a strong tool to generate a sample image and
an elemental analysis in one sample run.
3.6 Atomic Absorption Spectroscopy - AAS
AAS is used to detect the amount of different elements in a given sample
and is especially applicable to identify metals. All atoms absorb light at
distinct wavelengths, and this quality is used to examine the quantity of a
certain metal in a sample. As the absorption wavelength is element specific,
the transmitted light at a given wavelength can be used to deduce absorbed
light and thereby the amount of absorbers. In this way, the amount of light
absorbed by the sample is directly proportional to the concentration of the
targeted metal in that sample, which is why AAS is a great tool for measur-
ing metal concentrations in various samples.
Cu absorbs light with a wavelength of 324.8nm. The AAS apparatus con-
tain several lamps with distinct wavelengths for specific metals. When Cu
concentrations are being measured, the monochromatic hollow cathode Cu
lamp with light of wavelength 324.8nm is used, and thus only the amount
of Cu is detected in the sample. Before a metal can be detected within a
sample, the metal has to be atomized, which is done by treating the sample
with a strong acid (HNO3). Hereafter the sample is treated according to
the AAS-preparation procedure (see Appendix) and finally run on the AAS.
The liquid sample is turned into gas by treatment with high temperatures
– either via Flame Atomic Absorption Spectroscopy (FAAS) or by Graphite
Furnace Atomic Absorption Spectroscopy (GFAAS). The temperature used
in both methods are sample dependent, since all elements have specific atom-
ization temperatures. GFAAS has a lower detection limit (ppb) than FAAS
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(ppm) and is therefore used to detect lower concentrations within samples.
During this project, all sediment samples were analyzed with FAAS, whereas
GFAAS were used for all tissue and fecal pellet samples due to lower Cu
concentrations.
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4Experimental methods
In this part, all final studies carried out during the thesis are described. Initial
studies are described in the Appendix.
4.1 Synthesis of CuO NP
The synthesis was carried out a number of times, in order to get a grip of
the procedure. The intention was to create particles with different sizes,
producing two CuO NP batches containing particles with diameters of 20nm
and 100nm, respectively. However, the synthesis optimization was too time-
consuming, so it was decided that only 20nm particles should be synthesized.
As mentioned earlier, CuO NPs with a diameter of 100nm were purchased
from Intrinsiq Materials and used in order to evaluate any differences in up-
take due to particle size.
As mentioned, the synthesis was made with reference to studies made by
Ronja Windfeld (Windfeld, 2013) and the article by Xiong et al. (2011), re-
garding synthesis of copper nanoparticles (Cu NP). Two batches of nanopar-
ticles were synthesized – one with no coating and a batch with PVP 10,000
coating. This was to observe the possible differences between the synthesis
of Cu NP with and without coating.
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Figure 4.1: Experimental setup; CuCl2 · 2 H2O(aq); integrated magnetic stirrer and hot
plate with thermostat
General for both syntheses :
In regard to the total volume of the batch, the amount of CuCl2 ·2 H2O(s) and
ascorbic acid were calculated and weighed (see table 4.1 and 4.2 for exact
values). Both substances were dissolved in deionized water in separate Er-
lenmeyer flasks and placed on magnetic stirrers to mix. In the synthesis with
PVP-coating, half of the PVP(s) was added to the CuCl2 · 2 H2O(s) and half
to the ascorbic acid(s) before adding water. When all powder was dissolved
in the CuCl2(aq) solution, the flask was transferred to an oil bath, which was
then heated to 80◦C. The temperature was controlled by a thermostat and
thereby kept constant at 80±2◦C throughout the experiment (see figure 4.1).
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Cu NP without coating
CuCl2 · 2 H2O(s) Ascorbic acid(s)
Mass (g) 4.25 8.75
Volume (mL) 125 125
Table 4.1: Values for the amounts of CuCl2 ·2 H2O(s), ascorbic acid(s) and deionized water
used in the synthesis without PVP
Cu NP with PVP-coating
CuCl2 · 2 H2O(s) Ascorbic acid(s) PVP(s)
Mass (g) 8.50 17.5 5.0
Volume (mL) 250 250
Table 4.2: Values for the amounts of CuCl2 · 2 H2O(s), ascorbic acid(s), PVP(s) and deion-
ized water used in the synthesis with PVP
When the oil reached a temperature of 80◦C, the ascorbic acid solution was
transferred to a burette, and very slowly dripped into the CuCl2(aq) solu-
tion, which was constantly stirred. During this addition of ascorbic acid, the
CuCl2(aq) solution changed color from clear light blue to milky blue, milky
white and finally a milky grayish color was observed, when all the ascorbic
acid had been added (see figure 4.2 for photos of the different colors).
Figure 4.2: Change in color during addition of ascorbic acid
When all the ascorbic acid had been added to the CuCl2(aq) solution, the
Erlenmeyer flasks were capped with aluminium foil and kept in the oil bath
at 80±2◦C for approximately 16h.
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Figure 4.3: Colors of the two solutions after 16hours of heating. Left: with PVP; Right:
without PVP
After 16hours of heating and stirring, the two mixtures of CuCl2(aq) and
ascorbic acid(aq) had turned brown and unclear. The stirring was stopped
and the heat turned off. Hereafter the solutions turned more clear brown
with a grayish precipitate (see figure 4.3 for photos of the final colors of the
two solutions). The flasks were removed from the oil bath and cooled down
to room temperature in a water bath.
After synthesis, both solutions were ultra-centrifuged in presence of water
in order to isolate the NPs. Besides the oxidizing conditions during ultra-
centrifugation, Cu NPs are prone to oxidate in ambient air, resulting in
the synthesized metallic Cu NPs being present as CuO or Cu2O NPs (Kim
et al., 2004), abbreviated as CuO NPs. UV-vis spectra were created for both
solutions in order to determine that the synthesized NPs did not consist
of metallic Cu. Ultra-centrifugation and UV-vis spectrometry practices are
described in section 4.1. As mentioned, only the PVP-coated CuO NPs were
used in the final experiment together with CuO particles supplied by Intrinsiq
Materials. The in-house synthesized NPs had an average diameter of 20nm,
whereas the purchased NPs had a catalogue average diameter of 100nm (see
section 6.1 for further details).
Ultra-centrifugation
The NP solution was ultra-centrifuged at 20,000g and 4◦C for 30min. Here-
after the supernatant was removed and the precipitate discarded. By doing
so, it was insured that only NPs were left in solution, since larger parti-
cles (>20nm) were centrifuged out, as described in section 3.1. After ultra-
centrifugation, a clear dark brown NP suspension was obtained.
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UV-vis
The CuO NPs solution was diluted 1:160 in order for the UV-vis spectrometer
(Perkin Elmer; UV/VIS/NIR Spectrometer; Lamdba 9) to obtain a readable
UV-vis spectrum. Hereafter measurements of the diluted solution, together
with a standard of deionized water, was carried out. The light source in the
spectrometer covered a wavelength range of 200-800nm. The synthesis of
CuO NP was done in ambient air followed by ultra-centrifugation in water,
thus the possibility of having metallic Cu NPs in the final suspension was
small. The UV-vis method was in this case used to detect the presence
of metallic Cu NPs based on the specific absorption feature at 570nm. A
spectrum of the NP-solution can be seen in section 6.
4.2 Characterization of CuO NP
In order to determine the size, shape and stability of the synthesized CuO
NPs as well as the purchased ones, a few studies were carried out.
TEM
Size determination was performed using a Phillips CM20 TEM, at the Insti-
tute of Chemistry, University of Copenhagen. The NP suspension was ho-
mogenized and diluted with deionized water to obtain a water-like solution.
60µL was transferred to a carbon coated copper grid and the sample was left
to dry for approximately 30min. During this period, the TEM apparatus was
prepared for measurements by. When the samples were ready, the grids were
inserted in the machine one-by-one and pictures of the nanoparticles were
obtained. All measurements were carried out under vacuum. TEM-images
of both CuO NP solutions can be seen in section 6.
Zeta potential
Zeta potential cannot be measured directly, but several techniques are avail-
able for measurement of the particles mobility, which can be converted into
a zeta potential value. The technique used in this project is known as elec-
trophoresis. All measurements were carried out as described in the instruc-
tion manual provided by the producer company Brookhaven Instruments
Corporation (BIC).
Zeta potentials for CuO NP 20nnm and CuO NP 100nm were measured on a
Zeta Potential Analyzer (ZetaPALS, BIC). A 100x dilution was made of each
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stock solution, by addition of MilliQ water to the stock. Hereafter 1.6mL was
transferred to a cuvette, which was inserted in the machine, where after the
electrode was applied. Values for pH and concentration for the stock solu-
tions were entered into the program (see table 4.3). Hereafter the sliding
door was closed and the measurements started. Each sample was measured
10 times, with 5 cycles in each measurement. During measurements, an
electric field was applied to the CuO NP solution, forcing particles with an
electrical charge to move towards the electrode with opposite charge (see ta-
ble 4.3). The velocity of the particles were measured and expressed as the
mobility of particles, which was then converted into a zeta potential value.
A mean and standard error (SE) value was then calculated on basis of the
10 data points. All zeta potential values can be seen in section 6.1.
Zeta potential parameters
CuO NP pH Conc. Electric field Current Conductance
(aq) (mg/mL) (V/cm) (mA) (µ S)
20nm 4 5 18.7±0.15 9.93±0.07 1817±13.9
100nm 7 5 13.2±0.50 0.19±0.006 14.7±0.58
Table 4.3: Parameters for zeta potential measurements for CuO NP 20nm and CuO NP
100nm solutions. n=3 ±SE
4.3 Sediment preparation
Natural sediment collected at Munkholmbroen, Denmark was sieved to≤63µm,
rinsed with deionized water and left to settle for 1 week. Overlaying water
was carefully removed and the sediment was frozen (-80◦C) in order to kill
all bacteria and micro organisms.
4.3.1 Addition of H2O2
H2O2 is an oxidation agent and added to the sediment in order to reduce the
organic matter content. Hereafter a known organic matter source was added
in a concentration optimal for the setup. This method therefore provides a
way to control the organic matter type and content within the sediment.
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The sediment was thawed over night and remaining overlaying water was
removed by suction. Sediment was mixed thoroughly and transferred to five
2L glass beakers, with approximately 2cm sediment in each. 20mL of H2O2
(35%) was added to each beaker, and sediment and H2O2 was mixed by shak-
ing. The mixture was left for 24-48h, with sporadically further addition of
H2O2 until no further reaction was observed (e.g. no further foam genera-
tion). During this period, the sediment changed color from dark black to
light brown-greyish, indicating oxidation of the sediment and thereby solva-
tion of dead organic matter. Finally, sediment was rinsed three times with
artificial freshwater and left to settle over night.
Addition of algae
After removal of overlaying water, the algae N. palea was added in a distinct
amount in order to obtain an OC of 1-2%. Number of algae cells per mL
solution was determined by use of a Thoma cell counting chamber, result-
ing in an average of 1.6 · 105 ± 0.15 algae/mL. 600g of rinsed sediment was
weighed and transferred to a bluecap bottle. 300mL of algae suspension was
centrifuged and a 30mL concentrated algae suspension was obtained. The
concentrated solution was added to the sediment, the bottle mixed and left
on a shaking table over night. Sediment rinsed with H2O2 and containing N.
palea is abbreviated as experimental sediment further on.
Dry weight and organic content
Dry weight (dw)/wet weight (ww) fraction and Organic matter Content (OC)
of the experimental sediment was determined both before and after addition
of algae in order to detect which effect the treatment had on the sediment.
All values for the determination of dw/ww fraction and OC can be seen in
table 4.4.
dw/ww (%) OC (%)
without algae 28.7±2.8 2.3±0.5
with algae 19.3±0.1 4.1±0.2
Table 4.4: dw/ww and OC for the H2O2 cleaned sediment before and after addition of
N.palea
As seen from table 4.4, not all organic matter was removed from sediment
by addition of H2O2. The addition of N.palea added ∼2% organic matter to
the sediment and thereby an average OC of ∼4% was obtained.
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4.3.2 Sediment spiking
The Cu-concentration in the CuO NP (20nm) solution was measured on
GFAAS and the Cu-concentration within the 2 other stock solutions were
prepared based on this result. One stock solution for each Cu-form was pre-
pared, where determined amounts of CuCl2 · H2O(s) and CuO NP 100nm
(s) were added to deionized water and mixed. Thus, the CuO NP (20nm)-
stock solution was based on the synthesis, whereas the Cu2+ and CuO NP
(100nm) were based on calculations. Cu-concentration for the 3 stock solu-
tions of Cu2+, CuO NP (20nm) and CuO NP (100nm) were 5.25mg Cu/mL.
Cu-concentration was chosen to be equal in the three stock-solutions, in order
for the amount of Cu-solution that was added to the sediment to be equal for
all three Cu-forms. A predetermined amount of ≤63 µm, wet, experimental
sediment was transferred to preweighed glass flasks and the weight of sedi-
ment was noted. Stock solutions of CuO NP (20nm), CuO NP (100nm) and
Cu2+ was prepared and the amounts needed to obtain the nominal sediment
concentrations of 50, 100, 200 and 400 µg Cu/g dw sediment was calculated.
Correct volumes of stock solution was added to each sediment containing
glass flask, all flasks were shaken and left on a shaking table overnight. As
an example for all Cu-forms, sediment amounts and stock solution volumes
added to sediment for CuO NP (20nm) can be seen in table 4.5.
Spiking with CuO NP (20nm)
Nominal conc. Amount of sediment CuO NP (20nm) stock
(µg Cu/g dw) (g ww) (µL)
50 20 36
100 20 72
200 20 144
400 40 577
Table 4.5: Amounts of experimental sediment (ww) and CuO NP (20nm) stock solution
used in order to obtain the nominal Cu concentrations
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4.4 Initial Studies
A range of initial studies were performed in order to determine how the final
experiments should be carried out. First, the snail feeding experiment was in-
tended to be carried out using algae-filters as food source for P.antipodarum,
so the complexity with sediment exposure was eliminated. However, this did
not turn out as expected and therefore another setup was used. Secondly,
when a sediment exposure setup was determined, a small version of the final
setup was made in order to check that organisms thrived and were eating
under such circumstances. Descriptions of these initial studies can be seen
in section 10.1 of the Appendix.
4.5 Experimental setup
The final experiment was inspired by experiments by Croteau and Luoma
(2009), Croteau et al. (2011) and Pang et al. (2012) and was revised based
on the results from the initial studies. The final experiment was divided
into two parts, in order to fulfil and obtain the parameters needed for the
biodynamic model (see section 2.2.1). The first part was abbreviated as ”Up-
take” and the second part as ”Elimination”. The same basic procedures as
described in section 10.1.1 of the Appendix were used for both parts.
Uptake:
In order to determine the uptake rate of Cu from sediment for P.antipodarum,
experimental sediment spiked with three different Cu forms (Cu2+, CuO NP
(20nm) & CuO NO (100nm)) and four different nominal Cu-concentrations
(50 - 400µg Cu/g dw) was prepared (see section 4.3.2). Hereafter organisms
were exposed for 2-4h, followed by a 24h depuration period in clean water.
3 replicates with 8 organisms in each were used for each Cu-form in each
nominal concentration. In addition, a control group with 3 replicates each
containing 8 organisms was included. In order to get an overview of the
setup, a schematic plan is presented in figure 4.4.
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Figure 4.4: Schematic overview of the setup for the uptake part of the final experiment
After 24h of depuration, all organisms were cleaned in 1mM EDTA and rinsed
three times with deionized water, in order to get rid of any deposited Cu,
sediment or fecal pellets on the shell. Hereafter all organisms were frozen
(-20◦C) prior to dissection into tissue and shell. After dissection, tissue was
kept frozen and lyophilized before Cu content was measured by GFAAS (see
section 4.6 for further details). Fecal pellets were dried in the owen at∼100◦C
for 24h prior to AAS-measurements.
36
Elimination:
In order to determine the elimination rate of Cu from P.antipodarum, ex-
perimental sediment spiked with the three different Cu forms in the highest
nominal concentration was prepared (see section 4.3.2). Hereafter organisms
were exposed for 2-4h., followed by an elimination period in clean water of
up to 14 days. Four groups with 3 replicates, each containing 8 organisms
were used, and terminated on day 3, 5, 10 and 14, respectively. In addition, a
control group with 3 replicates each containing 8 organisms was included and
terminated on day 14. All organisms eliminated in clean, artificial freshwater
with N.palea added as food source. On each termination day, all remaining
groups were given clean, algae-containing water. Furthermore, fecal pellets
were collected from all groups on these time points. A schematic overview of
both exposure and elimination part can be seen in figure 4.5 and 4.6.
Figure 4.5: Schematic overview of the setup for the elimination part of the final experiment;
uptake from spiked sediment
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Figure 4.6: Schematic overview of the setup for the elimination part of the final experiment;
elimination in clean water
When a group was terminated, organisms from that group were cleaned in
1mM EDTA and rinsed three times with deionzed water, as described in
the uptake-part. Organisms were frozen (-20◦C) prior to dissection and fecal
pellets were kept. After dissection, tissue was kept frozen and lyophilized
before Cu content was measured by GFAAS (see section 4.6). Fecal pellets
were dried in the owen at ∼100◦ for 24h prior to AAS-measurements.
4.6 Determination of copper uptake
All samples were lyophilized over night in order to get rid of the water con-
tent. Herefter, all samples were transferred to preweighed Weflon tubes and
their dry weights noted. Digestion of sample material was done by addition of
XmL MilliQwater and XmL 65% HNO3 and running of the program (6min
250W, 6min 400W, 6min 650W, 6 min 250W) in the Milestone Furnace.
Water and acid amounts was determined by the final sample dilution (see
Appendix 10.5 for further details). Hereafter samples were cooled for 20min.
and carefully uncapped in the fume hood. All samples were filtered through
acid-washed filters into 10, 25, 50 or 100mL volumetric flasks. When measur-
ing by GFAAS, a standard solution of 40ppb was prepared. When measuring
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by FAAS a range of 6 standard Cu solutions were prepared. The AAS ap-
paratus created a standard curve based on the solutions, and the curve was
used to calculate the Cu concentration within the samples. Exact prepara-
tion procedures for samples and standards in regard to GFAAS and FAAS
are described in Appendix 10.5.
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5Evaluation of data
In this part, an evaluation of the obtained data is presented. Basis for the
choice of statistical tests are provided, as well as a test of the reproducibility
and uncertainty of the results obtained via AAS.
Statistical tests
All statistical tests were carried out using Systat13® (version 13.00.05, SY-
STAT Software Inc., Chicago, Illinois, USA). All data sets were tested for
normality (Kolmorogov-Smirnov, Lilliefors) and variance homogenity (Lev-
enes). When data fulfilled normality and variance homogenity requirements,
main effects were tested by ANOVA, followed by Tukeys or Dunnets Test in
cases of significant ANOVA-results. If data were not normally distributed,
main effects were tested by the non-parametric Kruskal-Wallis test, followed
by the non-parametric Mann Whitney-U or Conover-Inman Test to check for
pairwise differences. For all statistical analysis, significance was defined as
p≤0.05 and marginal significance as 0.05<p≤0.10.
Test of AAS
Due to large variations in the Calibration Zero measurements (absorbance
when no Cu is present, CZ) on the GFAAS, and often very large values for
this CZ-measurement, a corrected standard curve was plotted for each day
of measurements. The function used to fit the standard curve was:
y =
x
ax2 + bx+ c
(5.1)
where y corresponds to concentration; x corresponds to absorbance and a, b
& c corresponds to constants pertaining to the fit. The standard curve was
used to convert the measured absorbance values into actual concentrations
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in a sample. A fitted standard curve with actual measurements plotted is
shown in figure 5.1.
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Figure 5.1: Fitted GFAAS standard curve plotted together with measured values is pre-
sented together with the obtained curve-fit.
In addition to the uncertainties regarding the standard curve, a test of the
machines accuracy was carried out. The 6 concentrations automatically used
for the standard curve (2, 4, 8, 16, 32 & 40ppb) were prepared and measured
on the machine. This was done on two different days in order to test the
day-to-day fluctuations. Furthermore, 3 sets of 4 different concentrations (2,
4, 8 & 40ppb) were prepared and measured on the same day, in order to
check the reproducibility of measurements carried out on the same day.
The data showed that the GFAAS was not very good at measuring low
absorbance values, resulting in errors on measurements in the lower region
(2-8ppb). Furthermore, it was shown that the GFAAS was quite consistent
in its measurement over different days, and showed an accuracy of about
9% on measurements covering the entire standard curve area. However, the
tendency to measure to high absorbance values for the lower region was still
present. In fact, the measured concentrations were around a factor of 2 higher
than they should be, when the concentration range was from 2ppb to 8ppb.
When the GFAAS converted measured absorbance values into concentra-
tions, it took both sample weight (g) and volume (mL) into account. How-
ever, when working with very low-mass samples, e.g. in the mg-range, too
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few decimal spaces were available. This could result in large errors in the
calculated concentration values. By using the measured absorbance values
and the corrected standard curve, it was possible to calculate a concentration
based on the exact mass and volume of the sample. Thereby a more correct
weight-specific concentration was obtained. This calculation was done for all
fecal pellet and organism tissue samples.
Data credibility
All data obtained via GFAAS-measurements should be critically examined,
due to the shown uncertainties regarding the machine. Due to limitations
in lab-equipment it was only possible to measure 18 samples/day, resulting
in a long line of measurement days, and thus a range of uncertainties when
comparing data across days. Even though the variations across measurement
days were not found to be substantial, the CZ-values fluctuated from day-to-
day, introducing variations in the standard curve. The poor accuracy when
measuring samples of low concentrations was present on all measurement
days and might have influenced the control and background results.
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6Results
In this part, all results are covered and all data are shown in tables, graphs
or figures. Some comments on data-trends are presented, and a discussion
of the results is carried out in section 7.
6.1 Characterization of CuO NP
CuO NP (20nm)
The in-house synthesized, PVP-coated CuO NP were size-determined by
ultra-centrifugation and TEM. Furthermore, a qualitative analysis was per-
formed by UV-vis spectroscopy, and zeta potential was measured for the
particles in solution. Ultra-centrifugation of the CuO NP containing solu-
tion, ensured that particles with a diameter ≥19.6nm settled out of solution
(at least theoretically). Hence, by ultra-centrifuging the NP containing so-
lution, particles larger than nano-scale were removed from solution. UV-vis
was used to ensure that the CuO NP solution did not contain any metallic Cu
NPs. The UV-vis spectrum for the in-housed synthesized, PVP-coated CuO
NP can be seen in figure 6.1. No peak around 570nm was detected, hence
no metallic Cu NP was present in the solution. The small, broad peak from
500-600nm is due to the presence of Cu in the solution, and the small bumps
around 200-300nm are related to the PVP-molecules (Oster and Immergut,
1954).
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Figure 6.1: Uv-vis spectrum for the in-house synthesized, PVP-coated CuO NPs (1:160
dilution)
TEM-images of the CuO NP solution were analyzed via ImageJ and a size
distribution of the particles was determined. A TEM-image representing the
CuO NP solution and a histogram of the size distribution for the NPs can be
seen in figures 6.2 and 6.3. The size distribution of the in-house synthesized
particles ranged from 8nm to 35nm, with an average diameter 19.6 ± 5.3nm.
Furthermore, the TEM-image in figure 6.2 shows that NPs were separated
and spherical. Zeta potential measurements are presented in section 6.1.
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Figure 6.2: TEM-image for the in-house syn-
thesized, PVP-coated CuO NPs
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Figure 6.3: Histrogram showing the size distribution of the in-
house synthesized, PVP-coated CuO NPs (n=492)
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CuO NP (100nm)
All characterization of the purchased, polydispersed 100nm CuO NP has pre-
viously been carried out at The Natural History Museum (NHM) in London
as described in Pang et al. (2013). A TEM-image of the CuO NP (100nm)
solution previously measured at NHM, are shown in figure 6.4. Here it is
seen, that the particles were aggregated and differed in size.
Figure 6.4: TEM-image for the purchased, polydisperse CuO NPs; obtained at NHM
(Pang et al., 2013)
New TEM-images of the CuO NP (100nm) were obtained together with
TEM-images for the CuO NP (20nm) solution. As mentioned, TEM-images
were analyzed in ImageJ and a size distribution of NPs was determined. A
TEM-image representing the CuO NP (100nm) solution and a histogram of
the size distribution for the NPs can be seen in figures 6.5 and 6.6. It is
seen that the particles were aggregated and differed in size. The size dis-
tribution of the particles ranged from 13nm to 190nm, with a mean value
of 37 ± 18.8nm. This size distribution was different from that obtained at
NHM, where a size range from 40nm to 500nm, with an average diameter
of ∼100nm was determined. This difference can be due to sample decay or
determination techniques, as NHM used Dynamic Light Scattering (DLS) to
determine particle size. DLS measures the hydrodynamic diameter of parti-
cles in solution, and will therefore often result in a larger size estimation. My
approach only considered a sub-set of the particle sizes from a 2-dimensional
image of a 3-dimensional dried sample. Thus, particle morphology studied
with TEM is not necessarily identical to DLS-results. It was tested whether
the used CuO NPs differed significantly in size, and it was shown that they
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were significantly different (Mann Whitney p≤0.05). Hence, the comparison
between Cu bioaccumulation based on particle size was still applicable.
Figure 6.5: TEM-image for the purchased
CuO NPs
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Figure 6.6: Histrogram showing the size distribution the pur-
chased CuO NPs (n=777)
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Zeta-potential
10 measurements on 3 samples from each NP stock solution were carried out
and a mean and standard error (SE) was given for each sample. Results are
presented in table 6.1.
Zeta potential measurements
Solution Zeta potential (mV) n mean±SE
-24.83 ± 5.22 n=10
CuO NP 20nm -15.93 ± 3.05 n=10 -18.0 ± 7.6
-13.10 ± 4.53 n=10
+35.66 ± 4.30 n=10
CuO NP 100nm +33.11 ± 1.62 n=10 +34.1 ± 4.9
+33.43 ± 1.60 n=10
Table 6.1: Zeta potential values for CuO NP 20nm and CuO NP 100nm solutions. n=10
± SE
It is seen that CuO NP (100nm) were quite stable when in solution (ζ >
30mV). As expected, ζ for CuO NP (20nm) was lower and reflects a reduced
stability of these particles in solution. This is due to the fact, that these NPs
were coated with PVP, which shields the electrical charge and thereby lower
the zeta potential. Zeta potential measurements for the CuO NP (100nm)
solution were in agreement with the value obtained at NHM (ζ +26mV).
6.2 Sediment concentrations
Even though Cu will inevitable change speciation once introduced to the
sediment matrix, I have chosen to refer to the different treatments according
to the added Cu-form. Thus Cu2+ will be referred to as ION and CuO NP
as 20nm and 100nm, according to the NP size. Furthermore, the term ”Cu-
form” refers to the Cu-form added to sediment prior to exposure.
The Cu concentration within control sediment was measured via FAAS and
found to be 441.9 ± 9.4µg Cu/g dw sediment. Cu concentration within sedi-
ment spiked for the 3 Cu-forms were also measured via FAAS and the results
48
can be seen for each Cu-form in figure 6.7.
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Figure 6.7: Actual Cu-concentrations within sediment spiked with Cu2+, CuO NP (20nm)
or CuO NP (100nm) showed against nominal sediment treatment. n=3 ±SD. Significant
differences are presented as different letters on each bar. All p-values are shown in Ap-
pendix 10.6
As seen from figure 6.7, the spiking process did not result in a clear concen-
tration range for the ION- and 100nm-treatments. Furthermore, comparable
concentrations for the three Cu-form treatments were not obtained, which
was confirmed by statistical testing (Kruskal-Wallis p≤0.05). Significant dif-
ferences between sediment concentrations are presented as different letters on
the bars in each figure. All p-values are presented in tables in Appendix 10.6.
Non of the nominal concentrations were obtained for either Cu-form, partly
due to the high concentration of Cu detected within the control sediment.
To be able to compare results between concentrations within each Cu-form
treatment, sediment concentrations that was not significantly different were
pooled. Nominal and actual sediment concentrations for each Cu-form are
shown in table 6.2, together with n-values indicating the amount of samples
that were pooled.
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Actual Cu-concentration in spiked sediment
Nominal Cu2+ n Pooled CuO NP (20nm) n CuO NP (100nm) n Pooled
0 441.9 ± 9.4 3 441.9 ± 9.4 3 441.9 ± 9.4 3
50 625.8 ± 7.9 3 686.1 ± 20.9 3 523.1 ± 37.4 3
100 589.7 ± 14.2 3 873.4 ± 21.5 3 755.2 ± 11.8
200 771.5 ± 52.6
6 804.9 ± 111.4 1059.9 ± 31.6 3 859.2 ± 13.6 9 815.6 ± 63.5
400 838.4 ± 157.8 1384.5 ± 42.0 3 832.4 ± 84.1
Table 6.2: Nominal and actual Cu-concentrations for all 3 Cu-forms within sediment after
spiking (µg Cu/g dw sediment). All values were obtained via FAAS; ±SD. n=x specifies
which groups that were pooled, due to non significance difference in actual concentration.
All p-values can be seen in Appendix 10.6. Pooled mean-values ±SD are presented for the
relevant treatments.
As mentioned, the difference between actual concentrations within each Cu-
form were tested and all p-values are shown in Appendix 10.6. For sediment
spiked with Cu2+ all concentrations differed significantly, except for nominal
treatments of 200 & 400 µg Cu/g dw. Thus an increase in concentration
was obtained, but only with a range of 3 different concentrations in addition
to control. For sediment spiked with CuO NP (20nm), all concentrations
differed significantly, resulting in a concentration range of 4 different concen-
trations in addition to control. For sediment spiked with CuO NP (100nm),
nominal concentration of 400µg Cu/g dw was not significantly different from
100 & 200µg Cu/g dw. Furthermore, nominal treatment of 50µg Cu/g dw
did not differ significantly from control. Thus a concentration range of only
2 significantly different concentrations were found in this treatment. Since
no additional Cu was added to the control group and the group was the
same for all Cu-form treatments, I have chosen to keep it separated from the
exposed groups, despite the fact that it was not significantly different from
the nominal treatment of 50µg Cu/g dw (100nm). Further on, only actual
sediment concentrations and results for pooled treatments are used.
6.3 Uptake-part
Organism tissue and fecal pellets from the uptake-part were kept frozen until
further analysis by GFAAS. Results are presented in the following subsec-
tions.
”Start” Cu-concentration within organisms (Background, Bg) were measured
in 3 · 8 organisms from the culture and found to be 748±91.6µg Cu/g dw tis-
sue. Cu-concentration within organisms from the control group was measured
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together with the exposed groups after 2-4h of exposure and 24h of depura-
tion and found to be 1076.4±498.4µg Cu/g dw tissue. When comparing the
background Cu-concentration with the control, no significant difference was
found (Mann Whitney U, p=0.513).
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Figure 6.8: Weight specific body burden (BB) for the 3 Cu-forms and the 4 spiked sediment
treatments, together with BB for control. n=3 ±SD
BB for all replicate organisms were measured and pooled in regard to ac-
tual sediment concentrations. BB was plotted against pooled actual sedi-
ment concentrations (see figure 6.8). The figure shows no clear trends in BB
with increasing sediment concentration, and no significant effect of Cu-form
(Kruskal-Wallis p≥0.05) or actual Cu-concentration (Kruskal-Wallis p≥0.05)
on BB were detected. Due to difference in exposure concentrations among
Cu-form treatments, BB were normalized to actual sediment concentration
for each Cu-form. Thereby, Biota-Sediment Accumulation Factors (BSAF)
were obtained, making it possible to draw comparisons between Cu-forms.
However, since BSAF assumes steady-state conditions which was not ob-
tained here, the abbrevitation ”BSAF” is used. ”BSAF”-values are presented
in table 6.3 at the end of this section.
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Ingestion Rate (IR)
IR was derived from measured data for all 3 Cu-forms and actual sediment
concentrations as described by equation 2.5 in the biodynamic model. The
measured Cu-concentration within Fecal Pellets (FP) from the control group
was below the detection limit for GFAAS, so it was not possible to derive an
IR-value for this group. Instead an IR-value was modelled by the following
expression (as described by Cammen (1980)):
I = 0.435 ·W 0.771 ·OM−0.920 (6.1)
where I is a measure of how much total dry matter that is ingested by the
organism per day (g/g/d) (equivalent to BDM IR); W is mg dry weight or-
ganism and OM is the fraction of organic material within the sediment. By
using this model, it was possible to obtain an IR-value for the control group:
IR(control) = 1.45 ± 0.3 g/g/d.
IR-values for all 3 Cu-forms were plotted against actual Cu-concentration
within sediment in figure 6.9. Data for the ION- and 100nm-treatments are
pooled as described in table 6.2.
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Figure 6.9: IR plotted against actual Cu-concentration within spiked sediment for ION-
, 20nm- and 100nm-treatments. n=3 ±SD for all (20nm), point 1-3 (ION) & point 1
(100nm); n=6 ±SD for point 4 (ION); n=9 ±SD for point 2 (100nm)
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As seen from figure 6.9, there was no clear trend in IR for either Cu-form
and no significant effects were detected (Kruskal-Wallis p≥0.05). IR-values
for the ION- and 20nm-treatments were quite stable over the concentration
range. Furthermore, a tendency towards a decreasing IR with an increas-
ing actual sediment concentration was observed for the 100nm-treatment.
However, due to few data points after pooling of data for this treatment, no
significant effects were detected.
Feeding rate
In order to determine if the organisms feeding rates were influenced by either
actual Cu-concentration within sediment or Cu-form added to sediment, the
amount of FP produced during the 2-4h exposure period from each group
was measured, and feeding rate was estimated as:
Feeding rate =
mFP
morg · texp (6.2)
where mFP is amount of defecated fecal pellets during 24h of depuration (g
dw), morg is mass of organism tissue (g dw) and texp is time of exposure
(d). Feeding rate was plotted against actual sediment concentration for each
Cu-form in figure 6.10.
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Figure 6.10: Feeding rate as a measure of dw of FP produced per dw org during time of
depuration (24h). n=3 ±SD for all (20nm), point 1-3 (ION) & point 1 (100nm); n=6 ±SD
for point 4 (ION); n=9 ±SD for point 2 (100nm)
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Figure 6.10 does not show that Cu-form and spiked sediment treatment had
a clear effect on feeding rate and statistical testing shows that neither Cu-
concentration nor Cu-form added to sediment had a significant effect on
feeding rate (ANOVA p>0.05)
Total Cu ingested
The total amount of Cu ingested by organisms, is an expression of how much
Cu that have passed through their digestion system during exposure. With
the assumption that the amount defecated is equal to the amount ingested,
the total amount of Cu ingested was calculated as:
Total Cu = mFP · [M ]sediment (6.3)
where mFP is amount of defecated fecal pellets during 24h of depuration (g
dw) and [M ]sediment is actual Cu-concentration within spiked sediment at the
beginning of exposure (µg Cu/g dw sediment). Pooled data of total Cu in-
gested for all 3 Cu-forms against actual sediment concentration can be seen
in figure 6.11.
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Figure 6.11: Total amount of Cu ingested during 2-4h of exposure. n=2 ±SD for point 1
(20nm); n=3 ±SD for control, point 2-4 (20nm), point 1-3 (ION) & point 1 (100nm); n=6
±SD for point 4 (ION); n=8 ±SD for point 2 (100nm)
Figure 6.11 shows a trend towards an increase in ingested Cu with an in-
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creasing Cu-concentration within sediment. Effect of sediment concentration
was tested for each Cu-form, and significant effects were found for the 20nm-
treatment (ANOVA p=0.010). Furthermore, significant higher amounts of
ingested Cu for organisms exposed to the sediment concentrations of 1384.5µg
Cu/g dw and 1059.9µg Cu/g dw was found compared to the control (Dunnett
p≤0.05) for this treatment. For the ION-treatment, a marginal significant
effect of sediment concentration was found (ANOVA p=0.062), but no sig-
nificant difference from control was detected (Dunnett p≥0.05). For the
100nm-treatment, a marginal significant higher amount of ingested Cu for
organisms exposed to the sediment concentration of 851.6µg Cu/g dw was
found compared to the control (Dunnett p=0.059).
Assimilation Efficiency (AE)
Assimilation Efficiency is a measure of how much of the ingested metal that
is assimilated into organism tissue during exposure. Calculated values for
AE were obtained from measured Cu-concentrations within organism tissue
and fecal pellets after 24h of depuration. Thus, the calculated AE is an
indication of physiological assimilated Cu after 2-4h of uptake and 24h of
depuration. All AE-values were calculated as described by equation 2.6 in
the biodynamic model. As with IR, it was not possible to calculate an AE-
value for the control group due to missing data for FP. All AE-values for
exposed groups are shown in figure 6.12, where it is seen that AE was not
affected by Cu-concentration in sediment and that no clear effect of Cu-forms
added to sediment was observed.
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Figure 6.12: AE(%) plotted against actual sediment concentration for all 3 Cu-forms. n=3
±SD, except for actual conc. 589µg Cu/g dw (ION), 686µg Cu/g dw & 873µg Cu/g dw
(20nm) where n=2 ±SD; 804µg Cu/g dw (ION) where n=6 ±SD and 815µg Cu/g dw
(100nm) where n=8 ±SD.
Fecal Pellets
Cu-concentration within FP produced from each replicate were measured and
plotted against actual Cu-concentration in sediment (see figure 6.13). As seen
from figure, no clear trends in fecal pellet Cu-concentration with increasing
sediment concentration was detected. There was a small trend towards an
increase in Cu-concentration in FP with increasing sediment concentration
for the 20nm-treatment, and a significant difference between actual sediment
concentrations of 873.4µg Cu/g dw and 1384.5µg Cu/g dw was detected
(Tukey p≤0.05). No other significant effects were detected, thus Cu-form
added to sediment and actual sediment concentration did not have a signifi-
cant effect on FP Cu-concentration.
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Figure 6.13: Cu-concentration within fecal pellets [FP] plotted against actual sediment
treatment for all 3 Cu-forms. n=2 ±SD for bar 1 (20nm) & bar 2 (Cu2+ & 20nm); n=3
±SD for bar 1 (ION & 100nm) and bar 3-4 (20nm); n=6 ±SD for bar 3 (ION) and n=9
for bar 2 (100nm).
In order to get an overview of all data obtained for the uptake-part, ac-
tual sediment concentrations, [FP], BB and ”BSAF” for all replicates are
presented in table 6.3.
All data - Uptake
Cu-form Actual sedi conc [FP] BB ”BSAF”
(µg Cu/g dw) (µg Cu/g dw) (µg Cu/g dw/d)
625.8 ± 7.9 n=3 559.2 ± 278.4 n=3 345.7 ± 330 n=3 0.55 ± 0.5 n=3
Cu2+ 589.7 ± 7.9 n=3 117.1 ± 443 n=2 394.3 ± 206.6 n=3 0.67 ± 0.4 n=3
804.9 ± 111.4 n=6 219 ± 145.8 n=5 558.3 ± 313.7 n=6 0.73 ± 0.5 n=6
686.1 ± 20.9 n=3 204.8 ± 93.3 n=2 491.2 ± 260.7 n=3 0.72 ± 0.4 n=3
CuO NP (20nm)
873.4 ± 21.5 n=3 45.5 ± 32.8 n=2 547.4 ± 199.2 n=3 0.63 ± 0.2 n=3
1059.9 ± 31.6 n=3 537.9 ± 92.3 n=3 590.9 ± 213.2 n=3 0.56 ± 0.2 n=3
1384.5 ± 42 n=3 737 ± 527.3 n=3 532.2 ± 168.7 n=3 0.39 ± 0.1 n=3
CuO NP (100nm)
523.1 ± 37.4 n=3 368.6 ± 218.4 n=3 666.7 ± 334 n=3 1.27 ± 0.6 n=3
815.6 ± 63.5 n=9 424.6 ± 95.5 n=8 676.2 ± 262.7 n=9 0.84 ± 0.3 n=9
Table 6.3: Cu-concentration detected within sediment at t0 and FP & organisms at tend
(2-4h exposure; 24h depuration) for all 3 Cu-forms, as well as ”BSAF”-values are presented
(±SD). n-values are shown for all results.
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It is seen from table 6.3, that the concentration within FP after 2-4h of
exposure was lower than the actual sediment concentration at t0 (beginning
of exposure). This suggest a decrease in Cu-concentration due to passing
of particles through the snail gut and indicates that Cu were taken up by
organisms during exposure, as not all Cu were defecated again during the
24h depuration period. Furthermore, it is seen that the weight-specific body
burden was lower than start sediment concentrations for ION- and 20nm-
treatments, as well as for the pooled results for the 100nm-treatments. This
is in agreement with ”BSAF”-values being below 1.
6.4 Elimination-part
Organism tissue and fecal pellets were kept frozen until further analysis by
GFAAS. Results are presented in the following subsections.
Cu-concentration within organisms from the control group from the elimination-
part was measured via GFASS after 14 days of elimination and found to be
1276.1±341.0µg Cu/g dw tissue.
Organisms
In order to detect a trend in BB over elimination time, Ln-transformed BB-
data was plotted against time of elimination for each Cu-form together with
the control (see figure 6.14). The figure shows a trend towards an increasing
BB over time, most visible for the ION- and 20nm-treatments. However, no
significant effects were detected (ANOVA p≥0.05) for either Cu-form. Like-
wise, no effects on BB of Cu-form added to sediment were detected. Since
there was only two data-points for the control, R2 for this group was 1.
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Figure 6.14: Ln(BB) plotted against time of elimination for all 3 Cu-forms and the control
(only data from day 1 & 14). Trendlines and R2 values are shown for all treatments. n=3
±SD, except for day 14 (20nm) where n=2 ±SD
A normalized BB was plotted for all forms, in order to detect the retained
amount of Cu within organism-tissue during time of elimination, compared
to day 1 (see figure 6.15). As seen in the figure, there was a trend towards
an increasing amount of retained Cu in organisms over time of elimination.
This trend was most clear for the ION-treatment, indicating a higher amount
of retained Cu in organisms exposed to Cu2+ compared to the NPs. This is
in agreement with the trend of an increasing BB over time as shown in figure
6.14. When comparing total retained Cu among Cu-forms, a significant dif-
ference was found between the ION- and 100nm-treatment (Conover-Inman
p=0.007), with organism from the ION-treatment retaining higher degrees
of Cu. In addition, it was seen that the total amount of retained Cu for the
100nm-treatment, was quite stable over time of elimination.
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Figure 6.15: Retained Cu (%) during time of elimination compared to BB on day 1. n=3
±SD, except for day 14 (20nm) where n=2 ±SD
The observed trends might be due to a change in body weight for the ex-
posed organisms during time of elimination. To check if this was the case,
organism body weight (dw tissue) was plotted against time of elimination for
all 3 Cu-forms and the control (see figure 6.16).
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Figure 6.16: Change in body weight (mg dw tissue) over time of elimination for all 3 Cu-
forms and the control (only data from day 1 & 14). Trendlines and R2 values are shown
for all treatments. n=3 ±SD, except for day 14 (20nm) where n=2 ±SD
As seen from figure 6.16 there was a small trend towards a decrease in body
weight for organisms exposed to sediment spiked with Cu2+. This change
was significant (Tukey p≤0.05) between elimination day 1 and 14. For the
control, 20nm- and 100nm-treatment there were no significant change in body
weight for organisms over time of elimination (Tukey p≥0.05). Thus, the
trend towards an increasing BB over time of elimination can not be due to a
decrease in body weight for organisms exposed to sediment spiked with either
size of CuO NP. Again it should be noted, that there was only two data-
points for the control, resulting in an R2=1 for this group. Trendlines and
corresponding R2-values were included for all treatments, even though the
measured values for the 20nm- and 100nm-treatments were poorly described
by a linear fit (R2 close to zero).
Fecal pellets
The Cu-concentration within FP from each replicate was measured via GFAAS
and plotted against time of elimination in figure 6.17. As seen in the fig-
ure, there was no clear trend regarding Cu-concentration in FP and time
of elimination. For the ION- and 100nm-treatment the Cu-concentration
was quite stable over time, which was confirmed statistically (Kruskal-Wallis
p≥0.05). Furthermore, the ION-treament did not differ significantly from
the control group on any elimination days (Conover-Inman p≥0.05). This
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was also found for the 100nm-treatment (day 14). The observed increase in
Cu-concentration in FP on day 3 for the 20nm-treatment, was found to be
marginally significantly different from [FP](day5) (Conover-Inman p=0.070)
and significantly different from [FP](day14) (Conover-Inman p=0.005). Fur-
thermore, a significant difference was found for the 20nm-treatment between
day 10 and 14 (Conover-Inman p=0.038).
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Figure 6.17: Cu-concentration within fecal pellets (µg Cu/g dw FP) plotted against time
of elimination for all 3 Cu-forms. n=3 ±SD
FP produced during time of elimination was plotted against time of elimi-
nation for all 3 Cu-forms (see figure 6.18), showing an increase in FP-mass
over time of elimination. Organisms were able to grass on algae during elim-
ination and FPs were produced for all groups during the entire elimination
period. Thus, an increasing FP-mass during time of elimination was ex-
pected. The largest increase in FP-mass was seen for the 20nm-treatment
and the increase in FP-mass over time of elimination was significant for the
100nm- and 20nm-treatments (Kruskal-Wallis (p≤0.05). An effect of Cu-
form was detected on day 14, where the mass of FP from organisms exposed
to the 20nm-treatment was significantly larger than for the ION- and 100nm-
treatments (Mann-Whitney p≤0.05), which is also clearly seen on the figure.
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Figure 6.18: Mass of fecal pellets (mg dw FP) plotted against time of elimination for all
3 Cu-forms. n=3 ±SD for day 1 & 3; n=6 ±SD for day 5 (n=5 for ION); n=9 ±SD for
day 10; n=12 ±SD for day 14 (n=11 for 100nm).
As mentioned, fecal pellets were collected on several days during time of
elimination, resulting in detection of produced FPs at day 3, 5, 10 and 14
for groups terminated on day 14. FP-weight for these groups are shown
in figure 6.19. It is seen in the figure, that FP-weight was decreasing over
time of elimination for all treatments, including the control. Furthermore,
a lower FP-weight for the ION-treatment is observed, which is in agreement
with the lower body weight observed for this treatment. When comparing
FP-weight on day 3 between Cu-form treatments, a marginal significant dif-
ference among treatments were detected (Kruskal Wallis p=0.063). Further-
more, it was detected that FP-weight for the ION-treatment was significantly
lower than for the control and 20nm-treatment on day 3 (Conover-Inman
p≤0.05).
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Figure 6.19: Mass of fecal pellets (mg dw FP) plotted against time of elimination for all
3 Cu-forms and the control for the groups terminated on day 14. n=3 ±SD for all days,
except day 5 where n=2 ±SD for the 100nm-treatment.
6.5 Biodynamic parameters
As described in section 2.2.1, the Biodynamic Model (BDM) can be used
to detect long-term toxicant effects based on short-term results. The BDM
parameters Kuf, IR, AE and Kef have been calculated for all 3 Cu-forms
added to sediment, and results are presented in table 6.4.
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Biodynamic parameters
Parameter Cu2+ CuO NP (20nm) CuO NP (100nm)
Kuf (g/g/d) -0.0012 ± 0.02 -0.002 ± 0.002 -0.014 ± 0.02
IR (g/g/d) 2.28 ± 2.0 2.71 ± 1.7 10.2 ± 1.9
AE (%) 81.3 ± 11 79.4 ± 12.0 91.0 ± 4.9
Kef (d
–1) 0.0027 ± 0.008 0.011 ± 0.01 0.005 ± 0.003
Table 6.4: Summary of parameters for the biodynamic model derived from dietborne
exposure to Cu2+, CuO NP(20nm) or CuO NP(100nm) (Nominal: 400µg Cu/g dw). n=3
±SD
From table 6.4 no clear uptake pattern is seen from the exposure of 2-4h.
All the Kuf-values are negative and close to zero. Furthermore it is seen,
that there was not detected a rate of elimination. All Kef-values are posi-
tive and also very close to zero. Statistical testing shows that neither Kuf
nor Kef was significantly different from zero (p≥0.05) regardless of Cu-form.
This indicates that there has not been a significant uptake or elimination
of Cu during the experiment. It is seen from the IR-values, that organisms
eat during exposure, and from AE that Cu was assimilated to some degree
within organisms. Thus, even though uptake and elimination was not di-
rectly shown, organisms did eat and take up Cu during 2-4h. of exposure to
sediment spiked with Cu2+ or CuO NP (20nm & 100nm).
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7Discussion
7.1 Data evaluation
Measurements carried out by GFAAS showed large variations and uncer-
tainties between measurement days and within the same day, especially in
the low region of the standard curve (2-8ppb). In order to use the GFAAS
and get consistent results, thorough testing and calibration of the machine is
needed. The differences in detected concentrations could be due to biological
variation, but it might also de due to incorrect measurements carried out by
the machine. A reference material (LUTS-1) was used on most of the mea-
surement days, in order to verify the output and calibration of the machine.
The sample showed fluctuations similar to the values presented in section 5
and was too concentrated to test the accuracy of the problematic low con-
centration measurements. However, since others have used the GFAAS and
obtained reasonable results, and no other AAS machine was available, I have
chosen to use the results obtained by GFAAS, with the corrections mentioned
in section 5.
7.2 Synthesis & characterization of CuO NP
Synthesis of CuO NP (20nm) was carried out by a reduction method and
resulted in NPs with a relatively narrow size distribution and particles with
a mean diameter of 19.6±5.3nm. A layer of PVP-coating was confirmed by
TEM-analysis, where it was also shown that the NPs were un-aggregated.
The main focus of the thesis was to determine if Cu bioaccumulation in
P.antipodarum was affected by NP size, and therefore purchased CuO NPs
with a mean diameter larger than the synthesized CuO were used. The char-
acterization of these particles had previously been carried out at NHM, and
showed a broad size distribution, with a mean diameter of ∼100nm. How-
ever, my size analysis showed that the particle size ranged from 13 to 190nm,
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with a mean diameter of 37±18.8.nm. As mentioned, the methods by which
these size distributions were obtained differed, since the analysis carried out
at NHM was based on dynamic light scattering (DLS) and my analysis on
TEM-images. The reason for using the purchased particles, was to include
NPs of two different sizes in the uptake-experiment. So the importance in
regard to particle size, is to note that that the CuO NPs did in fact differ
significantly in size (Mann Whitney p≤0.05). Hence, the comparison be-
tween Cu bioaccumulation based on particle size is still applicable, despite
the purchased NPs being smaller than expected.
The in-house, synthesized particles were, as mentioned, created with a layer
of PVP-coating. This was done in order to simulate a more realistic NP-batch
in regards to industrial use and efflux to the environment. The purchased
CuO NPs did not have a coating, which might influence the bioaccumula-
tion pattern of these particles. However, Windfeld (2013) did not show a
significant influence on bioaccumulation of coated particles in P.antipdarum
compared to non-coated particles (NP-sizes of ∼6nm and ∼11nm). There-
fore, the presence of coating on one NP is not considered to influence the
bioaccumulation to such a degree, that it would influence the main results.
Zeta potential measurement were based on electrophoresis, and was there-
fore expected to be very low for the coated particles. PVP was present
as an outer layer on the particles, shielding their electrical surface charge,
resulting in a low zeta potential. However, measurements showed a zeta
potential of −18.0 ± 7.6mV , which indicates that the particles did have a
measurable electrical charge. Windfeld (2013) measured a zeta potential of
0.6 ± 0.03mV for the same type of particles, indicating a strong influence
of the added PVP-coating. The literature states that zeta potential values
larger than 30mV (positive or negative) is proof of a stable particle solution
(Zeta, 2000). In that case, the measurements showed that the PVP-coated
CuO NPs were not stable by an electrical stability term, which is what was
expected. The reason for the difference between results presented here and
the results obtained by Windfeld (2013) is unknown, but might be due to
the fact that my measurements were carried out approximately 3 month af-
ter the particles had been synthesized. Thereby an ageing process within
the particle solution might have changed the surface chemistry of the NPs,
especially since they were stored under ambient conditions in presence of air.
Furthermore, the measurements were carried out on different machines, and
a thorough calibration of the ZetaPals was not carried out. In regard to this,
a zeta potential of ∼-18mV was not considered significantly different than
the values obtained by Windfeld (2013).
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Zeta potential values for the purchased CuO NP were quite similar to the
measurements carried out at NHM and both indicates a rather stable NP
solution. In my opinion, zeta potential based on electrophoresis might not
be the best method to determine stability of NPs, when they are not both
coated, because electrical and sterically stabilization will result in fundamen-
tally different stabilities. However, it is the general idea that zeta potential
should be used in regards to compare NPs of different origin, and therefore
it was included here.
7.3 Cu-concentration within sediment
Cu-concentrations within spiked sediment differed among Cu-forms, which
made it difficult to detect direct effects of Cu-form on bioaccumulation.
Pooled data for treatments with no detected significant difference in sedi-
ment concentration was used, resulting in fewer data points for the ION-
and 100nm-treatments. In addition, large variations were found for the high-
est sediment concentrations, indicating that addition of higher amounts of
Cu resulted in greater variations. This could be due to an uneven spiking
process, e.g. by aggregation of particles when introduced to the sediment ma-
trix. However, since the largest variations were seen for the ION-treatment
and ions do not aggregate, this is not an adequate explanation. The large
variations could be due to an uneven distribution of either Cu-form within
the sediment, e.g. due to uneven mixing before sampling. When comparing
the variations found in this study, with studies of Pang et al. (2012, 2013),
higher variations were found within all my treatments compared to theirs.
This could indicate that the treatment of sediment with H2O2 and subsequent
addition of algae introduces larger variations in sediment Cu-concentrations.
Since metals in general are believed to be adsorbed to the organic matter,
the oxidation of the sediment and subsequent removal of dead OM might
have changed this balance. The metal-affinity for N.palea is unknown, but
might alter the metal-sediment interaction, creating a more heterogeneous
metal distribution. In general, organic matter is known to bind metals, and
especially Cu has a high affinity for algae surfaces ?, which could explain
the relatively high Cu-concentration found in control sediment. The over-
laying water was not removed from sediment before lyophilization, and since
freshwater is known to contain Cu, this might also be an explanation for the
high Cu-concentration found within control sediment. In order to determine
if the H2O2 treatment and the addition of algae was responsible for high
Cu-concentration within control sediment and the large variations in spiked
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treatments, the Cu-concentration within each part should be measured indi-
vidually. Furthermore, the Cu-concentration within natural, ≤ 63m sediment
should be determined. However, due to limited time, this was not carried
out as part of this study.
7.4 Uptake-part
As mentioned, due to non-significant different sediment concentrations in the
ION- and 100nm-treatments, data for some of these groups were pooled. No
significant effects of sediment concentration was found on the weight-specific
body burden (BB) for either of the Cu-forms. Likewise, no significant effects
of Cu-form were found, when normalizing BB to actual sediment concentra-
tions (”BSAF”). Thus, increasing the sediment concentrations did not result
in an increasing uptake of Cu for any treatments. In the work of Croteau and
Luoma (2009), a stable BB was found for the freshwater gastropod Lymnea
stagnalis after 6h of exposure to 65Cu-labelled diatoms, when concentra-
tions of Cu was above 20,000nmol 65Cu/g food (corresponding to 1300µg
Cu/g food). When Croteau and Luoma (2008) used labelled lettuce as food
source for the same organism, stable BB-values were found after 8h of expo-
sure to 65Cu-concentrations of 5.45µmol Cu/g food (corresponding to 355µg
Cu/g food). Thus, BB is changing according to the food source, and Cu-
concentrations in the range of 350-1300µg Cu/g food has been shown to result
in a stable BB for L.stagnalis. Since the Cu-concentrations used in this study
were in the same range, a similar response could be expected. This could
indicate that freshwater gastropods such as P.antipodarum and L.stagnalis
can regulate their Cu-uptake according to actual Cu-concentration within
their food. This in agreement with the findings of this study regarding total
amount of Cu ingested compared to BB. The amount of ingested Cu was in-
creased with increasing sediment concentrations, but no significant increase
in BB was found. Thus, organisms were ingesting more Cu, but did not
accumulate it to a higher degree.
Compared to other studies regarding Cu bioaccumulation in P.antipodarum
(e.g. Pang et al. (2012) and Ramskov (2014)) BB-values for control organ-
isms were quite high. The control organisms were measured on a different
day than the exposed groups, which might have had an influence on the ob-
tained results. As mentioned, the GFAAS was unstable and results differed
among measurement days, partly due to the combination of a low tissue con-
centration and mass. The background concentration of Cu measured by the
GFAAS on the same day as controls, was higher than normal, which might
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have had an impact on my results. However, Windfeld (2013) obtained sim-
ilar values for BB for the control group, explained by the presence of a back-
ground concentration of Cu. Since a high background concentration of Cu
was present, effects of added Cu will be harder to detect, as seen in my study.
Ingestion rates (IR) were calculated for all sediment concentrations and Cu-
forms added to sediment. These values showed that the organisms did in fact
eat during exposure. There was a trend towards a lower IR with increasing
Cu-concentration in the sediment, however no significant effects were de-
tected. Ramskov (2014) showed in her work, that Cu-concentration within
sediment, had a negative effect on IR for Lumbriculus variegatus ; a sediment-
dwelling invertebrate. The highest used Cu-concentration within sediment
(∼860µg Cu/g dw) resulted in the lowest observed IR for this organism. Fur-
thermore, Khan et al. (2013) showed a decreasing IR with increasing exposure
concentration for Peringia ulvae fed diatoms spiked with Cd2+ and CdS NPs
(∼3nm) for 24h. This suggests that a high metal-concentration within sed-
iment or food affects sediment-dwelling organisms by reducing their IR and
thereby decreasing the amount of food going through their system. However,
the current experimental duration (2-4h) was likely too short to be able to
detect such effects. The modelled IR-value for the control group was lower
than for the measured, exposed organisms in my study. The model only uses
OC and tissue body weight of organisms, but the amount of Cu within sedi-
ment is not considered. Thus, it might not be a good model for the system
described here. However, since the Cu concentration in the fecal pellets for
the control group was below the detection limit of the GFAAS, use of the
model was the only way to obtain an IR-value for this group. It was therefore
implemented, even though it does not display the actual IR forthe control
group. Feeding rates were estimated as the amount of FP produced during
the 24h of depuration after 2-4h of exposure. When plotted against actual
sediment concentration, no significant effects of the sediment concentration
were seen on feeding rate. Pang et al. (2012) showed that feeding rate was
affected by Cu-form, with a lower feeding rate for organisms exposed to sedi-
ment spiked with CuO NPs (∼6nm) compared to aqueous-Cu. The different
observations, might be due to the longer exposure period used in the work
of Pang et al. (2012), where organisms were allowed to feed on spiked sed-
iment for 8 weeks. This indicates that longer exposure periods are needed
for P.antipodarum, in order to detect significant effects on feeding rate of
Cu-form added to sediment.
The total amount of Cu ingested showed a trend toward an increasing amount
of ingested Cu with increasing sediment concentrations. Thus, a higher de-
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gree of Cu passed through snails, when the Cu-concentration was increased
in the sediment. In addition, a significant effect of sediment concentration
was found for organisms exposed to sediment spiked with CuO NP (20nm)
compared to the control group, which might indicate that organisms ingest
Cu to a higher degree when it is added to sediment as NPs. However, no
significant effects were detected for the other two Cu-forms, perhaps due to
the lack of a significant concentration range. The increased amount of in-
gested Cu, did not result in an increased BB for the organisms for any of
the Cu-form treatments. The short time duration of the exposure period
(2-4h) might be the reason for this. It could also indicate, that organism
were able to defecate Cu shortly after ingestion, and thereby not incorporate
it into their tissue. In fact, organisms exposed to the 20nm-treatment were
also found to defecate a higher amount of Cu compared to the other Cu-
form treatments. Thus, organisms exposed to sediment spiked with CuO NP
(20nm) were ingesting and defecating Cu to a larger degree compared to the
other Cu-form treatments. BB for the 20nm-treatment did not differ from
the others, indicating that even though CuO NP (20nm) were ingested to a
higher degree, organisms did not bioaccumulate more Cu than when exposed
to the other Cu-forms. This might be due to a lower bioavailability of CuO
NP (20nm), resulting in a larger defecation after uptake. Further studies are
needed in order to determine if this is the case.
Assimilation efficiency (AE) calculations showed that all 3 Cu-forms added to
sediment, were assimilated within organism tissue to a high degree (>80%).
No clear effects of sediment concentration or Cu-form were detected on AE,
which again might be due to the short exposure period. Similar results were
obtained for L.stagnalis, when exposed to dietborne 65Cu for 18h. Here, high
AE-values (>80%) similar to those found for P.antipodarum in this study,
were obtained for the entire concentration range (Croteau and Luoma, 2008).
This indicates that Cu is easily assimilated within freshwater hydrobiideas,
even after short-term exposures from the food compartment. Since Cu is an
essential metal, it is excepted that organisms contain a large amount of Cu
within their cells and that a system to assimilate Cu is present.
When looking at all data obtained from the uptake-part of the experiment,
trends towards uptake of Cu in all Cu-form treatments were observed. It
would have been interesting to look at total Cu detected in all compartments,
but due to lack of data for the algae, this was not possible. Huge variances
were observed on most data-points, again emphasizing that GFAAS is not
the most reliable method for this type of experiment. Especially when work-
ing with low biological mass, a more precise detection method is needed.
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Croteau and Luoma (2008) used Inductively Coupled Plasma - Mass Spec-
trometry (ICP-MS) to detect Cu-uptake from isotopically marked Cu (65Cu)
in L.stagnalis. Thus, they were able to distinguish newly ingested Cu from
background levels, with reduced detection limits. By use of ICP-MS, the
large variances shown for this part of the setup might have been decreased.
Overall, stable BB-values for all Cu-form treatments were found as well as
trends towards a lower IR with increasing sediment concentration. AE cal-
culations showed that all Cu-forms were assimilated to a high degree within
organisms. Organisms exposed to the 20nm-treatment ingested and defe-
cated Cu to a higher degree than the other Cu-forms, but no effects of this
was seen on BB. These results indicates that Cu is less bioavailable when
added to the sediment as CuO NP (20nm), but further studies are needed in
order to draw such conclusions.
7.5 Elimination-part
All organisms were exposed to sediment spiked with the highest nominal Cu-
concentration for 2-4h, followed by up to 14days of elimination. Different
groups of organisms were eliminated on different time points, resulting in
4 measurement points for the elimination part alone. Together with data
from the highest nominal concentration in the uptake-part, this gives 5 mea-
surement days for the elimination part. BB was measured for all groups,
and showed a trend towards a stable or slightly increasing BB during time of
elimination. Organisms were fed with algae suspension throughout the elimi-
nation period, and FPs were observed in all replicates. Hence, organisms were
feeding during elimination, which might have influenced BB. Studies carried
out by Ramskov (2014) and Pang et al. (2013) shows the same tendencies
for Cu elimination for P.antipodarum after exposure to different Cu-forms
from the sediment matrix. Both stable and slightly increased BB over time
of elimination was presented, when P.antipodarum had been exposed to Cu
in both ionic and particulate form. This indicates that P.antipodarum is not
capable of excreting Cu, when first ingested. When looking at the amount
of retained Cu within organisms in my study, the same increasing pattern
was observed. Furthermore, I observed that organisms were retaining Cu
to a significant higher degree, when it was added to sediment as Cu2+ com-
pared to the 100nm CuO NPs. Likewise, Khan et al. (2013) found that Cd
was retained to a higher degree when added to food as Cd2+ compared to
CdS NPs (∼3nm) in P.ulvae. This could indicate that Cu is retained to a
higher degree in hydrobiideas, when added to their food as the ion-form. The
higher retention efficiency observed for Cu2+ found in this study, combined
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with the obtained weight-loss observed for organism from the ION-treatment
are probably the reason for the observed increase in BB. From figure 6.19
it is seen that the amount of fecal pellets produced for organisms exposed
to ION-spiked sediment, were slightly lower compared to the other groups,
including the control. Thus, organisms from the ION-treatment were eat-
ing less during the exposure period of 2-4h, despite that they were offered
the same food amount (algae) as snails in the other treatments. The reduced
feeding is very likely causing the observed weight-loss seen for this treatment.
This could indicate, that organisms were more affected by sediment spiked
with Cu2+ compared to the other Cu-forms.
7.6 The Biodynamic Model
The calculated biodynamic parameters did not show uptake or elimination
of either Cu-form added to the sediment. The lack of increased uptake could
be due to the high background concentration of Cu within organisms and
the high Cu-concentration found within control sediment. Thus, when an
uptake is not detectable, it is obvious that elimination will not be measurable
either. Croteau et al. (2011) showed that uptake rates for L.stagnalis were
affected by the Ag-form added to food prior to exposure. Ag+ had a higher
uptake rate than differently coated Ag NPs (∼17nm and ∼13nm), explained
by Ag+ being a more palatable food-source for the organisms. If the same
is applicable for Cu is unknown, but it was not shown in this study that
Cu2+ was more bioavailable for P.antipodarum than the other Cu-forms.
However, a trend towards an increasing BB as well as a higher retention
efficiency of Cu2+ was seen in this study. Further studies are needed to
determine if metal-ions are in fact more palatable and bioavailable than metal
NPs. The calculated IR- and AE-values show that organisms were eating
and that Cu was physiologically assimilated within organisms during time of
exposure. The relatively high sediment concentrations did not seem to affect
feeding or incorporation of Cu, despite Cu-form added to sediment. The
same tendencies were shown for P.ulvae when exposed to dietborne Cd2+ or
CdS NPs for 24h. No effect of Cd-concentration or form were found on IR
(Khan et al., 2013). Overall, the biodynamic parameters gave an overview
of the obtained results, and could be a way to decrease the amount of data
needed to be presented for a bioaccumulation study.
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8Conclusion
The synthesis of CuO NPs resulted in fairly un-aggregated particles with a
relatively narrow size range (8-35nm). A layer of PVP-coating was obtained,
visualized by the TEM-images. The use of in-house synthesized NPs gave a
better fundamental understanding of the NPs and should be incorporated to
a higher degree in future nano-ecotoxicological studies.
Neither Cu-concentration nor Cu-form within sediment had a significant ef-
fect on bioaccumulation in P.antipodarum. A trend towards an increased
Cu-retention was seen in organisms exposed to sediment spiked with Cu2+
compared to CuO NPs. Organisms from this treatment did also experience
a significant weight-loss during time of elimination, which might have caused
the observed effect. The hypothesis that smaller NPs are bioaccumulated to
a higher degree than larger ones, were not confirmed by this study. However,
there was a tendency towards an increased amount of Cu detected in FP
from organisms exposed to CuO NP (20nm) as well as an increased amount
of total Cu ingested compared to the other Cu-forms. This did not result
in an increased BB for this treatment, indicating that P.antipodarum did
not bioaccumulate CuO NP (20nm) to a higher degree than Cu2+ or CuO
NP (100nm). Furthermore, it was shown that the biodynamic model can be
applied to setups of the kind used here, and that BDM might give a better
overview of the obtained results. By calculating the different parameters,
an overall impression of the measured results is obtained, and any detected
effects are given. By combining it with the data measured, the actual effects
can be examined deeper, but without the need for looking through every-
thing in a long result section.
Longer exposure periods as well as extended time of elimination is needed
in order to determine possible delayed effects. Furthermore, methods to
characterize particles after addition to sediment is needed, to be able to dis-
criminate between Cu-forms. This would result in a more realistic description
and comparison of Cu-form and NP size, when introduced to the sediment
matrix.
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9Future perspectives
Nanoparticles are used in many products world wide, and the release of these
particles to the environment is inevitable. We need to address this possible
threat to prevent adverse and irreversible changes in the environment. A
range of studies could be carried out to investigate such changes and those
with relevance for the results obtained in my thesis are presented here.
By synthesizing particles in-house, a greater insight into the chemical ele-
ments, procedures and processes are obtained, resulting in a greater under-
standing of the overall behaviour of NPs. This is crucial when interpreting
the results from nano-ecotoxicological studies, and should therefore be an
area of higher interest in the future. Collaboration between scientific fields
and cross-field education of scientists would enhance this understanding.
Cu is an essential metal and therefore naturally present within organisms in
varying concentrations. Thus the ability to measure changes in Cu contents
is restricted by the natural fluctuations between organisms. By using mark-
ers, it is possible to follow newly added Cu from creation, through uptake
to depuration. Radioactive isotopes are often used, however complications
with effects of the radioactive exposure makes this approach less applicable in
ecotoxicology. When exposing organisms to Cu, the stable isotope 65Cu can
be used in the food supply to distinguish between the 63Cu already present
in the organism and the newly assimilated 65Cu. This method is used in
the literature, e.g. by Croteau et al. (2004), Croteau and Luoma (2008) and
Misra et al. (2012). However, in order to use this approach, measurements
of Cu-concentration within organisms after exposure, must be carried out on
a machine that is able to differentiate between Cu isotopes, e.g. by ICP-
MS. This method measures all toxicants present in a sample in one run, and
because it uses MS, it is able to differentiate between elements of different
mass such as isotopes. Another way of tracing Cu through an experimental
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period, is by use of fluorescent markers. These could be incorporated into
NPs during synthesis or added to an aqueous solution of a Cu-salt. When
the marked Cu is then taken up by the organisms, it is possible to detect
with various forms of optical spectroscopy. This is a simpler way to identify
newly bioaccumulated Cu, since optical spectroscopy and fluorescent dyes
are relatively easy accessed and cheap to come by. Isotopic 65Cu is expensive
to produce, due the long extraction process, and an ICP-MS costs a lot to
run. Fluorescent markers have a number of other drawbacks; they need to
be evenly distributed and bound to the NP to be representative of the Cu
concentration and the organisms need to be ground up to allow for optical
spectroscopy. In this regard, the isotopic Cu is representative of the direct
Cu concentration.
As mentioned, I experienced some problems with the GFAAS, resulting in
large variations between data sets and uncertainties regarding obtained re-
sults. This might have been avoided, if a thorough calibration and validation
of the machine was carried out before measurements were started. Maybe it
is necessary to calibrate the machine everyday prior to measurements, to a
higher degree than is done today. Another way to come by this, is to use a
different measurement technique, like the mentioned ICP-MS. The ICP-MS
has a lower detection limit and can measure all present elements within a
sample in one run. It would thereby be possible to use lower, more environ-
mentally realistic Cu-concentrations and identifying newly taken up Cu by
the use of isotopes.
Sampling handling could have been improved, decreasing errors and loss of
matter during preparation. As suggested by Farhan Khan(personal commu-
nication), organism samples can be transferred to Eppendorf tubes, lyophilized
and then digested directly in these tubes (e.g. as described in the AAS-
procedure in Appendix 10.5). By doing so, no matter is lost from the end
of experiment until AAS-analysis, increasing the credibility of the obtained
results.
I did not see any significant uptake or elimination of Cu, which might be due
to the high background concentrations found within culture organisms and
control sediment. Some alterations to the setup might have improved these
results:
 A higher number of replicates (e.g. 5 for each treatment), plus a higher
number of organisms within each replicate (e.g. 12 as in Ramskov
(2014).
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 The elimination period could have been in clean sediment or just clean
water, without the addition of algae. However, the last would have
introduced a starving issue, since organisms would not have access to
food during elimination.
 Measurements of Cu-concentration within overlaying water prior, dur-
ing and after exposure would introduce a more correct tracking of Cu
throughout the experimental period.
 Measurements of background Cu-concentration within all elements of
the setup would also have improved this factor
 A longer exposure period might also have enhanced uptake, and would
have created a more realistic exposure situation.
All of this would of course increase the time and resource requirements signifi-
cantly, but would not necessarily yield better results unless more accurate Cu-
concentrations could be determined than possible with the available GFAAS.
Overall future studies are needed in this field, in order to prevent unneces-
sary pollution and distress to our environment. Luckily nano-ecotoxicology
is already a large field of study and increasing with the extended use of NPs
world wide.
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Appendix
10.1 Initial studies
The following studies were made in the beginning of the project, when the
experimental setup was planned differently. After carrying them out, it was
decided that the procedure with transferring algae to filters instead of using
sediment as food source was to time consuming and a new experimental setup
was designed. All studies studies gave me some experience with handling the
organisms, setting up and scheduling experiments, and are therefore included
here.
Grazing of algae pt.I, Pseudokirchneriella subcapitata
Apparatus and experimental setup can be seen in figure 10.1.
1.2 µm isopore membrane filters were used (see figure 10.2).
Transferring algae to filter :
The filter was placed on the vacuum pump system and a small amount of
artificial freshwater was added. 50mL of algae solution was transferred to
the flask and suction (<10mmHg) was applied. Another 50mL algae solu-
tion was sucked through the filter, which changed color from white to dark
green (see figure 10.3). 100mL artificial freshwater was applied and sucked
through the filter – this process was a bit slower, due to the blocking of the
filter by the algae. The filter was placed in a 250mL beaker and ready for
the next step.
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Figure 10.1: Experimental setup for transferring al-
gae to filters: vacuum pump with suction capacity
of <10mmHg; Erlenmeyer flask containing moisture
absorbing crystals; Erlenmeyer flask for waste, closed
with a rubber stopper connected to a magnet-lid; fil-
ter container attached via a magnet to the waste flask;
rubber tubes for air transport
Figure 10.2: Filters used:
glass microfibre filters with
a 1.2 µm isopore membrane
(a) Filter with algae
(b) Filter with algae
Figure 10.3: Filters after application of algae suspension
Grazing of algae:
Day 1 : 100mL artificial freshwater was slowly added to the beaker containing
the filter, so the algae did not detach from the filter (see figure 10.4). 3 or-
ganisms were added to the beaker and the beaker was covered with parafilm,
transferred to the culture room and aerated by an aquarium pump. The
snails were allowed to graze over night.
Day 2 : the snails had moved away from the filter and there was no clear
grazing pattern on the it. Snails were transferred to the filter with a soft
pincer and left in the culture room for another 3 days.
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Figure 10.4: Filter and water in the beaker before adding snails
Day 6 : End of initial study.
Snails were transferred from the culture room to the lab, where one organism
was transferred to clean artificial freshwater and one was observed through
the microscope. Photos of the organisms were captured with (indskriv specs
p˚a kamera) and can be seen in figure 10.5. The snail transferred to clean wa-
ter was observed after 30min. Little green fecal pellets was observed, which
indicated that the snail had in fact grazed the algae (see figure 10.6).
Figure 10.5: P.antipodarum after 6 days of grazing
Figure 10.6: Green fecal pellets from the snail allowed to depurate for 30minutes
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Grazing of algae pt.II, Nitzschia palea
Same basic procedure as pt.I, but with the following adjustments:
 When transferring algae to the filter, a smaller amount of algae solution
was used ( 4mL)
 After applying algae to the filter, 150mL of artificial freshwater was
added to a 250mL beaker and the filter was carefully placed at the
bottom with a pincer
 3 organisms were placed on the filter and the beaker was placed in the
culture room, covered with parafilm, aerated and left for 3 days
Pictures from the setup can be seen in figures 10.7 and 10.8.
Figure 10.7: Filter after algae application
Figure 10.8: Beaker containing filter, artifi-
cial freshwater and 3 organisms
End of initial study :
3 organisms were transferred to clean artificial freshwater for 2hours, in order
for them to empty their guts for algae.
The filter was examined under stereolup and pictures of fecal pellets present
on the filter can be seen in figure 10.9
After 2hours, the 3 organisms were examined under stereolup and pictures
of the snails can be seen in figure 10.10
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Figure 10.9: Fecal pellets from the snails present on the filters after 3days of grazing
Results :
Unfortunately no fecal pellets was observed in the water after 2hours of depu-
ration. Whether it was because the snails had not ingested the algae or the
elimination time was to short is unknown. There was, however, fecal pellets
present on the filter, and they did not look like sediment-pellets (e.g. sedi-
ment ingested from the culture before the organisms were transferred to the
beaker), which indicate that the organisms had in fact grazed upon the algae.
Figure 10.10: P.antipodarum after 3 days of grazing
10.1.1 Uptake of Cu2+
In order to go through all the procedures needed for the final uptake experi-
ment and to detect possible problems prior to the final experiments, a pilot
study with uptake of Cu2+ was carried out. One exposure concentration of
100µg Cu/g dw sediment was used, with an exposure period of 2-4h. Time
of exposure was chosen to be less than one gut-filling-time, in order to ex-
clude any recycling of Cu within the system. Exposure was followed by a
24h depuration period, where organisms were allowed to empty their guts for
sediments in clean water. The following groups were used:
 2 control groups with 3 replicates in each and 2 groups exposed to
spiked sediment with 3 replicates in each
 8 organisms in each replicate
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 1 control and 1 exposed group eliminates in clean water
 1 control and 1 exposed group eliminates in clean, natural sediment
(not cleaned with H2O2)
The setup was made with two types of elimination, in order to detect if it
would make a difference in Cu uptake if the organisms had access to food
during elimination.
24h prior to exposure, organisms were transferred from the culture to clean
artificial freshwater in order for them to empty their gut. The sediment was
spiked with CuCl2 ·2 H2O as described in section 4.3.2. Four multi-well dishes
with six wells in each were placed in deionized water over night. In order to
get an overview of the setup, a schematic plan can be seen in figure 10.11.
Figure 10.11: Schematic overview of the setup for the initial study - uptake of Cu2+ from
sediment
Day 1 - exposure:
Approximately 1.5g wet sediment was transferred to 12 wells; experimental
sediment in 6 and spiked sediment in six wells. 1mL artificial freshwater
was added to each well. All organisms were studied under loupe, in order to
check that they were moving and alive before they were added to the sedi-
ment. Eight living organisms were transferred to each well and 1mL artificial
freshwater was added. All wells were covered with parafilm to ensure that
organisms could not escape and that air would diffuse into the wells during
exposure. All wells were placed in an incubator at 20◦C for 2-4h.
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Elimination:
1.5g wet, experimental sediment and 2mL artificial freshwater was added to
6 new wells and 4mL clean artificial freshwater was added to another 6 wells.
Exposure multi-wells were removed from the incubator and organisms were
transferred from clean or spiked sediment to clean sediment or clean water.
Hence, 1 control and 1 exposed group eliminated in clean sediment; 1 control
and 1 exposed group eliminated in clean, artifical freshwater. Multi-wells
were covered with parafilm and placed in incubator at 20◦C overnight. All
sediment from exposure wells were frozen and kept for AAS analysis.
Day 2 - end of experiment :
Multi-wells were moved from incubator and organisms that had eliminated
in clean sediment were transferred to new wells with clean artificial fresh-
water. Here they were allowed to empty their guts for sediments for 4-6h.
Organisms that had eliminated in water were studied under loupe and any
dead organisms were noted and removed. Fecal pellets were present in all
replicates, indicating that the snails had ingested sediment during exposure.
All organisms were dissected into tissue and shell under loupe and the tissue
was frozen and kept for AAS analysis. Water from all wells were transferred
to preweighed glass tubes and centrifuged in order to precipitate the fecal
pellets. Overlaying water was removed and fecal pellets from all groups were
frozen until AAS analysis.
After 4-6 hours, organisms from sediment-elimination were treated as de-
scribed above and both tissue and fecal pellets were frozen and kept until
AAS analysis.
AAS :
All tissue and sediment samples were lyophilized overnight. All samples were
treated as described in section 4.6.
Conclusion:
Based on the results from the pilot study a number parameters were changed
before the final experiment:
1. Analysis of tissue was difficult due to the small mass of organisms, so
a more sensitive scale was chosen for the final experiment.
2. Fecal pellets where not analysed due to problems with removing them
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from the glass tubes. Thus, a new drying approach was used for the
final experiment.
3. The organisms where not moving around as much as expected during
exposure so in the final experiment, sediments was transferred to all
wells 24h prior to organisms, overlaying water removed and fresh water
added just before organisms were applied. This should ensure that any
waste products from the sediment was removed and that the water was
sufficiently aerated for organisms to thrive.
4. Some organisms got stuck in the parafilm, so during the final exper-
iment the multi-well lids was used instead. They are created so that
oxygen can diffuse into the wells, thus securing sufficient oxygen sup-
ply without setting up a pump system. Furthermore, the lids prevent
evaporation of water and keeps the organisms within their wells.
5. The final experiment was carried out in a climate room, with a tem-
perature of 17◦C and a light:dark period of 12:12, which is similar to
the culture conditions.
6. In the final setup, a version with elimination in clean artificial freshwa-
ter with algae added was chosen, in order to ensure that the organisms
did not starve. Also, so snails were not able to ingest large amounts of
sediment during elimination.
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10.2 Culturing of P.antipodarum
Organisms are kept at 17◦C, in aerated artifical freshwater 5and pre-frozen
sediment sieved to <250µm. They are fed once a week and overlaying water
is renewed when necessary. New sediment is added every 8-10th week.
Artificial freshwater :
For 10L, the following amounts are used:
 1.92g NaHCO3
 0.08g KCl
 1.2g MgSO4
 1.2g CaSO4 · 2 H2O
All items are weighed and transferred to a 1L bluecap bottle filled with deion-
ized water. The solution is stirred on a magnetic stirrer until all powder is
dissolved. The mixture is transferred to a 10L container, that is filled to the
mark with deionized water. The solution is aerated and kept in the culture
room at 17◦C for at least 24h before use.
Feed :
 Baby cereal (Økologisk Luonu Urtekram, Denmark), fish feed (Tubifix
labiryn-basic, Tubifix Company, Poland) and dried spinach in equal
amounts (Pang2011)
The 3 ingredients are grounded and mixed. Organisms are fed by adding a
small amount of the feed directly to the culture.
10.3 Culturing of N.palea
N.palea are kept at 17◦C in aerated WCg media. Light:dark cycle is 12:12h.
WCg medium is used for freshwater algae that prefer an alkaline milieu.
Preparation of WCg media to N.palea:
Preparation of the medium can be divided into 4 parts – one containing 8
different stock solutions, one mixing an alkaline soil extract solution, one
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creating a trace metal solution and one preparing a vitamin solution.
Stock solutions :
The 8 different stock solutions are created by dissolving Xg of the given min-
eral in 100mL deionized water (see table 10.1).
Details for the 8 stock solutions
Name Firm Batch Weight(g)
NH4Cl VWR 11172-250 0.2686
CaCl2 · 2 H2O Merck 2382.1000 TA 153982 0.3676
MgSO4 · 7 H2O Merck 5886.1000 A 6891186 0.9243
NaNO3 J.T.Baker(B&B) 0296 UN 1498 0702301031 2.1254
NaHCO3 Merck 1.06329.0500 K40362429 0.316
H3BO3 VWR 10162.500 030122 0.150
Na2EDTA · 2 H2O Sigma-Aldrich E-6635 Lot. 090K0813 0.930
K2HPO4 Merck 1.05104.1000 A602004606 0.2178
Table 10.1: name, origin, batch number, and amount of the different minerals used for the
8 stock solutions. All minerals are dissolved in 100mL deionized water
Alkaline soil extract :
The alkaline soil extract solution is prepared by mixing 40mL of deionized
water with 20g rich organic garden soil and 0.08g NaOH. The solution is
autoclaved for 20min., cooled, filtrated and diluted 1:50.
Trace metal solution:
The trace metal solutions are created by dissolving Xg of the solid metal
components in 950mL deionized water (see table 10.2). Hereafter 1mL of
each liquid metal component is added to the dissolved metal solution and
deionized water is added to a final volume of 1L. The final trace metal solu-
tion is then autoclaved for 20min.
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Details for the 8 metal solutions
Name Firm Batch Weight(g) V=250mL
FeCl3 · 6 H2O Riedel-de Hae¨n 12319 gran. Lot. 21340 3.15 0.79g
Na2EDTA · 2 H2O Sigma-Aldrich E-6635 Lot. 090K0813 4.36 1.09g
CuSO4 · 5 H2O Sigma-Aldrich C7631-250g 026K3726 0.980 250µL
NaMoO4 · 2 H2O Merck 1.06521 UN 1498 0702301031 2.1254 250µL
NaHCO3 Merck 1.06329.0500 A973221745 0.630 250µL
ZnSO4 · 7 H2O Merck 8883 TA590183 2.20 250µL
CoCl2 · 6 H2O Merck 1.02539.0100 B665939023 1.0 250µL
MnCl2 · 4 H2O Sigma-Aldrich M3634-100g 125K0029 4.5 250µL
Table 10.2: name, origin, batch number and amount of the given metal components used
for 1L of the trace metal solution. All metal-compounds, except for MnCl2 · 4 H2O, are
dissolved in 100mL deionized water; the latter is dissolved in 25mL. The column to the
right (in bold text) is showing the amounts used to create a final trace metal solution with
a volume of 250mL
Vitamin solution:
The vitamin solution is prepared by first dissolving Thiamine in 950mL deion-
ized water, then adding 1mL of Biotin(aq) and B12(aq) and bringing the final
volume to 1L with deionized water (see table 10.3 for exact amounts). The
final vitamin solution is filter sterilized and stored in the freezer until use.
Details for the 3 vitamin solutions
Name Firm Batch Weight(g) V=100mL
Biotin Sigma-Aldrich B4501-500 119K 1533 0.1 100µL
B12 Sigma-Aldrich V2876-1g 117K 1520 0.1 100µL
Thiamine ·HCl(vit.B1) 0.2 0.02g
Table 10.3: name, origin, batch number and amounts of the given vitamin components
used for 1L of the vitamin solution. Biotin and B12 are dissolved in 100mL deionized
water. The column to the right (in bold text) is showing the amounts used to create a
final vitamin solution with a volume of 100mL
Final WCg media:
The final media is prepared by taking 975mL of deionized water and adding
X volume of all the above mentioned solutions (see table 10.4 for exact
amounts). All solutions must have the same temperature before mixing,
so they are moved from the freezer and refrigerator to the lab 1-2h before
use. Deionized water is added to the mixture for a final volume of 1L, pH is
adjusted to 7.6-8.0 and the entire solution is autoclaved for 20min.
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Final WCg media
Name of solution Volume added
Stock solution 1-8 1mL
Alkaline soil solution 5mL
Trace metal solution 250µL
Vitamin solution 500µL
Table 10.4: Amounts of the 4 solutions added to create 1L of the final WCg media
pH adjustment :
pH of the final media is adjusted by a pH-meter. Before start, the pH-meter
has to be calibrated: The electrode is gently washed with deionized water
and dapped dry with a soft paper towel. Calibration is done with two buffer
solutions that represents the pH area the solution should have. A small vol-
ume of buffer 1 (pH = 7) is added to a plastic beaker, the pH-meter is put
in and pH of the buffer solution is measured. The same procedure is carried
out for buffer 2 (pH = 10) and the pH-meter is calibrated. The sensitivity
of the pH-meter (shown on screen) is noted and the pH-measurements can
begin.
The electrode is cleansed and pH of the WCg media is measured. If pH is to
low or to high, it is adjusted by adding 1 drop of concentrated solutions of
NaOH or HCl, respectively. It is important that the solution is stirred before
and during measurements, in order for the solution to be thoroughly mixed.
After use, the electrode is cleansed, put in buffer 1 and covered with parafilm.
Autoclave:
WCg media is transferred to a bluecap bottle, that can cope with the high
pressure and temperature of the autoclave. 1L of fresh, deionized water is
added to the autoclave and the bluecap bottle is placed on the metal disc
on the bottom. Autoclave tape is put in the lid, which is then loosened a
bit. The autoclave top is closed tightly, temperature is set to 125◦C and the
autoclave is turned on. Valve on top is opened and kept open until steam
appears (T > 100◦C). Then the valve is closed and the pressure increases up
to 1,5bar or 20psi. The autoclave is left for 20min., whereafter it is turned
off and allowed to cool down below 90◦C before opening.
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10.4 Calculations for copper clusters
The number of Cu-atoms per synthesized copper oxide NP and per theoret-
ically metallic Cu NP has been calculated for NPs with different sizes and
the results can be seen in table 10.5, 10.6 and 10.7.
The following assumptions was made:
 all NPs are spherical
 the synthesized NPs consists of CuO or Cu2O
Cu atoms per Cu NP
NP size (nm) V (nm3) g Cu/NP mol Cu/NP Cu atoms/NP
1 0.524 4.69 ∗ 10−21 7.45 ∗ 10−23 45
2 4.189 3.75 ∗ 10−20 5.96 ∗ 10−22 359
5 65.45 5.86 ∗ 10−19 9.30 ∗ 10−21 5,604
10 523.6 4.69 ∗ 10−18 7.45 ∗ 10−20 44,829
20 4189 3.75 ∗ 10−17 5.96 ∗ 10−19 358,635
50 65450 5.86 ∗ 10−16 9.30 ∗ 10−18 5,603,670
100 523599 4.69 ∗ 10−15 7.45 ∗ 10−17 44,829,364
Table 10.5: Calculated values for NP size and volume, grams Cu/NP, mol Cu/NP and Cu
atoms/NP for Cu NPs
Cu atoms per CuO NP
NP size (nm) V (nm3) g Cu/NP mol Cu/NP Cu atoms/NP
1 0.524 3.31 ∗ 10−21 4.19 ∗ 10−23 25
2 4.189 2.65 ∗ 10−20 3.35 ∗ 10−22 202
5 65.45 4.13 ∗ 10−19 5.23 ∗ 10−21 3,150
10 523.6 3.31 ∗ 10−18 4.19 ∗ 10−20 25,197
20 4189 2.65 ∗ 10−17 3.35 ∗ 10−19 201,573
50 65450 4.13 ∗ 10−16 5.23 ∗ 10−18 3,149,571
100 523599 3.31 ∗ 10−15 4.19 ∗ 10−17 25,196,567
Table 10.6: Calculated values for NP size and volume, grams Cu/NP, mol Cu/NP and Cu
atoms/NP for CuO NPs
100
Cu atoms per Cu2O NP
NP size (nm) V (nm3) g Cu/NP mol Cu/NP Cu atoms/NP
1 0.524 3.14 ∗ 10−21 4.42 ∗ 10−23 27
2 4.189 2.51 ∗ 10−20 3.54 ∗ 10−22 213
5 65.45 3.93 ∗ 10−19 5.53 ∗ 10−21 3,330
10 523.6 3.14 ∗ 10−18 4.42 ∗ 10−20 26,637
20 4189 2.51 ∗ 10−17 3.54 ∗ 10−19 213,097
50 65450 3.93 ∗ 10−16 5.53 ∗ 10−18 3,329,646
100 523599 3.14 ∗ 10−15 4.42 ∗ 10−17 26,637,166
Table 10.7: Calculated values for NP size and volume, grams Cu/NP, mol Cu/NP and Cu
atoms/NP for Cu2O NPs
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10.5 AAS procedure
The following instruction was handed out by lab-technician Anne-Grete Wind-
ing
DS/EN ISO 15587-2: Water quality – Digestion for the determination of se-
lected elements in water (and modified for tissue/sediment) using volumetric
flask. Part 2: Nitric acid digestion
Summary of the method for GFAAS:
Reagents:
5.2 Nitric acid, concentrated, 65%
Apparatus: Milestone furnace
Equipment: Carefully acid-wash digestion equipment in contact with the di-
gestion solution and volumetric ware. Glass equipment is to be preferred due
to the adhesion of silver to plastic.
Sampling: The tissue and the sediment has to be freeze-dried before prepa-
ration for AAS.
The water can be used without further treatment. If necessary the water can
be frozen until it allows for the procedures to be completed the same day.
NB!! And now is the time for protective screen, rubber apron, gloves and
over sleeves to wear during the next steps.
Preparation of small amounts of tissue:
 Weigh out as much as possible of freeze-dried tissue in the Weflon tube
with lid. The exact weight is noted.
 Add 1.5 mL of MilliQwater and 1.5 mL of nitric acid (5.2)
 Swirl and allow the mixture to stand until any visible reaction has
stopped. Then cap the vessel.
 Place on the Weflon tube the protection shield, the adapter plate and
the special spring.
 Introduce the vessels vertically into one of the numbered niches of the
six-position rotor body.
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 Tighten the HTC screw in the upper part of the rotor body using
Tension Wrench, till you hear a clicking sound informing that the vessel
is blocked inside the niche. Place the ring around the rotor to secure
the vessels.
 The rotor unit is now ready for being placed in the microwave cavity
of the Milestone unit.
Operating procedure:
 The program suitable for digestion is started, normally program no. 8.
Press: Start – Start.
Program 8 will appear. Press start. The intervals are:
Step 1: 6 min 250 W
Step 2: 6 min 400 W
Step 3: 6 min 650 W
Step 4: 6 min 250 W
Ventiliation 5 min
Cooling down:
 Once the digestion program is completed, very high temperature and
pressure are reached inside the vessel. It is therefore necessary to cool
down the rotor before opening the vessels.
Place the rotor in the cooling system in the fume-hood and let the wa-
ter flow for approximately 25 minutes.
Uncapping the vessels:
 The rotor is dripped off before placing it on the workstation. Carefully
loosen the screws in the upper part of the rotor body using the Tension
wrench and wait till the pressure is completely released.
 Remove the external protection ring, take the vessels out of the rotor
body one by one.
 Uncap the vessel – there might be some fume evaporation.
Preparing the samples:
 while the operating procedure is running, wash the filters once with
diluted nitric acid (1:1) and 3-4 times with MilliQwater.
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 The samples in the Weflon tubes are transferred through the filter into
an acid washed 25 mL volumetric flask. The tube and the filter is
washed with MilliQwater into the flask and filled to the mark. Now
the sample is ready for AAS-analysis not waiting too many hours!
When samples are diluted to 10mL and runned on GFAAS, the volume of
acid and MilliQwater is as followed:
 MilliQwater 0.600mL
 5.2 Nitric acid, concentrated, 65%, 0.600mL
When samples are diluted to 50mL and runned on GFAAS or FAAS, the
volume of acid and MilliQwater is as followed:
 MilliQwater 3.12mL
 5.2 Nitric acid, concentrated, 65%, 3.12mL
When samples are diluted to 100mL and runned on FAAS, the volume of
acid and MilliQwater is as followed:
 MilliQwater 6.25mL
 5.2 Nitric acid, concentrated, 65%, 6.25mL
Prepation of standards
Standard for GFAAS:
Cu stock solution: 1000mg/L
Cu standard: 40ppb = 0.04mg/L
Matrix: 4% HNO3
Matrix is made: V = 100mL
75mL MilliQwater is transferred to a 100mL graduated cylinder and 6.15mL
65%, Suprapur HNO3 is added. MilliQwater is added up to the 100mL line.
The solution is transferred to a bluecap bottle and shaken thoroughly.
100x dilution of the Cu stock is made:
a 25mL volumetric flask is filled halfway with matrix. Hereafter 250µL Cu
stock is added and the flask is filled to the mark with matrix and shaken
thoroughly. This solution is named A.
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250x dilution of solution A is made:
a 25mL volumetric flask is filled halfway with matrix. Hereafter 100µL solu-
tion A is added and the flask is filled to the mark with matrix and shaken
thoroughly. This solution is the Cu standard with a concentration of 40ppb.
Standards for FAAS:
Cu stock solution: 1000mg/L
Cu standards: 0.1, 0.5, 1.0, 2.5, 5.0, 10.0 ppm
Matrix: 4% HNO3
Matrix is made: V = 500mL
350mL MilliQwater is transferred to a 500mL graduated cylinder and 30mL
65%, Emsure ISO HNO3 is added. MilliQwater is added up to the 500mL
line. The solution is transferred to a bluecap bottle and shaken thoroughly.
Standards are made:
6x 50mL volumetric flasks are marked with the given concentrations and
filled halfway with matrix. 500µL Cu stock is added to the 10.0 ppm stan-
dard, 250µL is added to the 5.0 ppm standard and so forth. All flasks are
filled to the mark with matrix and shaken thoroughly. All 6 standard solu-
tions are measured manually on FAAS and thereby the standard curve used
to detect the Cu concentrations within the samples are created.
105
10.6 p-values for spiked sediment
p-values for ION-treatment
Group(i) Group(j) p-value
Control ION-50 0.001
Control ION-100 0.033
Control ION-200 0.000
Control ION-400 0.000
ION-50 ION-100 0.033
ION-50 ION-200 0.008
ION-50 ION-400 0.002
ION-100 ION-200 0.000
ION-100 ION-400 0.000
ION-200 ION-400 0.428
Table 10.8: p-values for the comparison of actual Cu-concentration within sediment spiked
with Cu2+. All p-values were obtained via the non-parametric Conover-Inman test for all
pairwise comparisons.
p-values for 20nm-treatment
Group(i) Group(j) p-value
Control 20nm-50 0.004
Control 20nm-100 0.000
Control 20nm-200 0.000
Control 20nm-400 0.000
20nm-50 20nm-100 0.004
20nm-50 20nm-200 0.000
20nm-50 20nm-400 0.000
20nm-100 20nm-200 0.004
20nm-100 20nm-400 0.000
20nm-200 20nm-400 0.004
Table 10.9: p-values for the comparison of actual Cu-concentration within sediment spiked
with CuO NP (20nm). All p-values were obtained via the non-parametric Conover-Inman
test for all pairwise comparisons.
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p-values for 100nm-treatment
Group(i) Group(j) p-value
Control 100nm-50 0.117
Control 100nm-100 0.003
Control 100nm-200 0.000
Control 100nm-400 0.000
100nm-50 100nm-100 0.045
100nm-50 100nm-200 0.003
100nm-50 100nm-400 0.003
100nm-100 100nm-200 0.117
100nm-100 100nm-400 0.117
100nm-200 100nm-400 1.000
Table 10.10: p-values for the comparison of actual Cu-concentration within sediment
spiked with CuO NP (100nm). All p-values were obtained via the non-parametric Conover-
Inman test for all pairwise comparisons.
107
